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FOREWORD 


The  opening  of  new  regions  in  the  Far  North  and  the  development  of 
regions  already  in  use  can  only  be  achieved  if  power  is  made  available,  i.  e. 
if  hydro,  thermal,  and  nuclear  power  plants  are  built.  The  severe  climate, 
the  presence  of  permafrost,  the  poorly  developed  transportation  links  with 
industrially  developed  regions  of  the  country,  and  other  conditions  determine 
the  way  in  which  water-related  construction  is  done:  dams  built  of  natural 
materials  are  used  in  power  projects  and  to  build  reservoirs  for  drinking 
water  and  industrial  water  supplies  and  for  other  economic  purposes  related 
to  water. 


A special  characteristic  of  dam  planning  and  construction  is  the  need 
to  take  into  account  and  predict  changes  in  the  temperature  conditions  of  the 
dam  itself  and  its  permafrost  foundation  during  the  period  when  it  is  in  use, 
and  this  determines  the  basis  on  which  the  dam  is  built:  as  a frozen  dam  or 
an  unfrozen  dam. 


A number  of  earth  dams  have  been  built  in  the  Soviet  Union.  The 
technique  of  stockpiling  cohesive  soils  in  winter,  which  was  first  developed 
and  used  in  the  construction  of  the  dam  for  the  Viluy  Hydroelectric  Power 
Station  represents  the  state  of  the  art  and  is  responsible  for  the  excellence 
of  the  dams  of  the  Khantayka  Hydroelectric  Power  Station,  the  Bilibino 
Nuclear  Power  Station,  and  others. 


The  construction  of  particular  dams  on  permanently  frozen  ground  has 
been  discussed  in  the  works  of  G.  A.  Borisov  and  G.  Ya.  Shamura,  A.  I. 
Kalabin  and  A.  Ye.  Vedernikov,  S.  G.  Svetkovaya  and  V.  S.  Timofeychuk,  and 
others. 


In  this  book  the  author  has  attempted  to  generalize  and  analyze  ex- 
perience in  the  construction  and  use  of  earth  dams  and  sluiceways  on  perma- 
frost. The  book  reflects  the  experience  of  the  author  over  many  years  in  the 
construction  of  the  Vilyuy  Dam  and  a number  of  other  dams  in  Yakutia.  In 
preparing  the  manuscript  the  author  also  used  information  from  the  Institute 
of  Permafrostology,  Siberian  Division,  USSR  Academy  of  Sciences,  the 
Leningrad  Division  of  the  S.  Ya.  Zhuk  Gidroproyekt  Institute,  institutes  of 
the  Dal'stroyproyekt,  the  Yakutniiproalmaz,  the  Viniprozoloto,  the  B.  Ye. 
Vedeneyev  All-Union  Scientific  Research  Institute  of  Halurgy,  the  Krasnoyarsk 
Promstroyniiptoyekt,  and  the  Construction  Administration  of  Vilyuygesstroy. 
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Chapter  I 

CLIMATIC  GEOGRAPHY  OF  PERMAFROST  REGIONS 
1-1.  AREAL  EXTENT  OF  THESE  CONDITIONS 

Permafrost  Is  fou*nd  mainly  in  the  polar  and  subpolar  high  latitudes, 
in  some  places  extending  down  to  a latitude  of  50°  or  more.  Permafrost  also 
occurs  in  high  mountains  in  the  Temperate  Zone.  It  is  most  widespread  in 
the  Northern  Hemisphere,  encompassing  a considerable  portion  of  the  con- 
tinents of  Eurasia  and  North  America,  the  islands  of  the  Arctic  Ocean, 
Greenland,  and  Iceland. 

Data  on  the  distribution  of  permafrost  around  the  world  are  given  in 
Table  1-1  [Ref.  70]. 

Table  1-1 


Distribution  of  Permafrost 


2 

Key:  a - Country  or  area,  b - Area  (millions  of  km  ),  c - Percent 
of  the  area  of  the  country  (or  territory),  d - USSR,  e - Canada, 
f - Mongolia,  g - Alaska  (USA),  h - Greenland,  i - Antarctica. 

Extreme  cooling  of  the  surface  layers  of  the  earth  in  polar  regions 
and  adjacent  areas  results  from  the  fact  chat  solar  heating  is  inadequate 
in  these  regions  as  compared  with  the  middle  latitudes,  i.  e.  from  a 
cumulative  deficit  of  heat  in  the  polar  and  subpolar  regions  [42,  70,  and 
73].  The  first  permafrost  scientist,  M.  I.  Sumgin,  was  of  the  opinion  that 
permafrost  is  a relict  phenomenon  which  appeared  when  the  temperature  of  the 
earth  dropped  during  the  Ice  Age. 
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The  southern  boundary  of  permafrost  in  this  country  runs  from 
northwest  to  northeast  through  the  Kola  Peninsula,  then  along  the  tundra/ 
forest-tundra  boundary  to  the  intersection  with  the  Ural  Mountains,  then  into 
Western  Siberia  across  the  middle  reaches  of  the  Ob*  and  Yenisey  Rivers  to 
the  mouth  of  the  Angara.  There  it  turns  sharply  southward,  curving  around 
the  mountain  massifs  of  the  Altay  and  Sayan,  and  continuing  across  Mongolia. 

The  permafrost  boundary  again  reenters  the  territory  of  the  USSR  on  the  east 
in  the  Amur  River  basin,  encompassing  a large  area  to  the  shores  of  the  Sea 
of  Okhotsk,  and  the  Kamchatka  Peninsula  beyond  (see  Figure  1-1). 

The  southern  boundary  of  the  permafrost  zone  is  shown  only  roughly 
on  a small-scale  map.  Between  the  zone  of  seasonally  frozen  ground  and 
the  permafrost  zone  there  is  a transitional  zone  consisting  of  islands  of 
permafrost  among  areas  of  unfrozen  ground;  this  zone  in  places  is  as  much  as 
hundreds  of  kilometers  wide. 

In  addition  to  the  general  characteristics  of  the  permafrost  zone, 
such  as  severe  cfimatic  conditions,  which  make  economic  exploitation  dif- 
ficult, their  remoteness  from  the  main  industrial  centers  of  the  country  and 
the  poor  transportation  facilities  between  them,  the  relatively  low  popula- 
tion, low  economic  development,  etc.,  these  regions  vary  widely  in  climatic 
conditions,  ground  freezing,  engineering  geology,  and  hydrological  conditions. 

It  is  desirable  for  convenience  to  consider  construction  conditions 
in  the  Far  North  by  individual  zones:  the  European  North,  the  Western 
Siberian  North,  the  Yenisey  North,  the  Eastern  Siberian  North,  the  Far 
Eastern  North. 

Climatic  conditions  in  the  different  permafrost  zones  depend  on  their 
geographical  position,  i.  e.  on  their  closeness  or  remoteness  with  respect 
to  seas  and  oceans  as  well  as  their  elevation.  These  regions  are  characterized 
by  heat  and  cold  which  paralyzes  everything,  freezing  winds  and  fogs,  the 
polar  night  and  whiteouts,  midnight  sun,  and  other  extreme  natural  phenomena. 

The  European  North  has  a severe  continental  climate  with  winter  tem- 
peratures lower  as  we  move  from  west  to  east.  The  average  January  temperature 
at  Syktyvkar  is  -15.2°C,  at  Ukhta  -17.6°C,  and  at  Vorkuta  -20.6°C.  The  July 
temperatures  are  +16.6°C,  +16°C,  and  +12.4°C,  respectively. 


The  Western  Siberian  North  is  under  the  influence  of  cold  arctic  air 
masses  from  the  Kara  Sea.  The  mean  January  temperature  at  Surgut  is  -20.9°C 
and  20.1°C  at  Berezovo;  the  July  temperature  at  those  places  is  +17.2°C  and 
+15.6°C,  respectively,  with  mean  annual  temperatures  of  -2.8°C  and  -3.4°C. 

The  Yenisey  North  has  a strongly  continental  climate;  the  winter  is 
long  and  severe.  The  mean  temperature  in  January  over  a large  part  of  the 
area  is  about  -30°C,  while  the  mean  temperature  in  July  at  Dudinka  is 
+12°C.  The  mean  annual  temperature  at  Dudinka  is  -10.7°C,  and  that  at 
Igarka  is  -9.3°C.  A large  amount  of  snow  falls  here  during  the  winter  season 
and  strong  winds  are  reported.  Over  a large  part  of  the  area  snow  is  typically 
moved  about  by  the  winds  and  accumulates  on  slopes  of  northern  exposure,  where 
it  may  reach  depths  of  2-3  m. 
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[Legend  for  Figure  1-1  on  page  6] 

1 - Southern  boundary  or  permafrost;  2 - Zone  of  separate  islands 
of  permafrost  with  maximum  depth  to  25  m;  3 - Zone  of  permafrost 
with  maximum  depth  to  100  m;  4 - The  same,  with  predominant  depth 
from  100  to  200  m;  5 - The  same,  with  depth  from  200-300  m; 

6 - The  same  with  depth  from  300-400  m;  7 - The  same,  with  depth 
from  400-500  m;  8 - The  same,  with  depth  greater  than  500  m; 

9 - Areas  where  permafrost  is  more  than  500  m deep. 

Key  to  Figure  1-1  [see  page  6] 

a - Murmansk,  b - Syktyvkar,  c - Berezovo,  d - Pechora,  e - Nar'yan- 
Mar,  f - Vorkuta,  g - Ob',  h - Tobol'sk,  i - Sverdlovsk,  j - Tobol, 
k - Ishim,  1 - Irtysh,  m - Omsk,  n - 0b*,  o - Tomsk,  p - Novo- 
sibirsk, q - Semipalatinsk,  r - Yenisey,  s - Angara,  t - Podkam- 

Tunguska,  u - Nizh.  Tunguska,  v - Krasnoyarsk,  w - Yenisey, 
x - Igarka,  y - Dudinka,  z - Noril'sk,  aa  - Dikson,  bb  - Khatanga, 

cc  - Olenek,  dd  - Olenek,  ee  - Mukhtuya,  ff  - Lena,  gg  - Lena, 

hh  - Kirensk,  ii  - Bratsk,  jj  - Tayshet,  kk  - Irkutsk,  11  - Ulan- 
Ude,  mm  - Chita,  nn  - Shilka,  oo  - Argun*,  pp  - Sretensk,  qq  - Amur, 
rr  - Skovorodino,  ss  - Zeya,  tt  - Khabarovsk,  uu  - Vitim,  w - 
Bodaybo,  ww  - Aldan,  xx  - Aldan,  yy  - Yakutsk,  zz  - Verkhoyansk, 
aaa  - Tiksi,  bbb  - Indigirka,  ccc  - Oymyakon,  ddd  - Magadan, 
eee  - Okhotsk,  fff  - Sea  of  Okhotsk,  ggg  - Omsukchan,  hhh  - Andayr* , 
iii  - Srednekolymsk,  jjj  - Kolyma,  kkk  - Bilibino,  111  - Pevek, 
mnm  - Arctic  Ocean,  nnn  - Tura,  ooo  - Vilyuysk,  ppp  - Vilyuy, 
qqq  - Yana. 

The  Far  Eastern  North  occupies  almost  half  the  area  of  the  permafrost 
zone.  Climatic  conditions  in  this  region  vary  widely.  The  climate  of  Yakutia 
is  particularly  severe.  The  winter  here  is  very  long  (7-8  months)  with 
cloudless  weather  and  persistent  cold,  reaching  temperatures  as  low  as  -60°C 
or  -70°C.  The  average  January  temperature  at  Vilyuysk  is  -38.2°C,  at  Aldan 
-27.6°C,  at  Yakutsk  -43.2°C,  at  Chernyshevsk  -33.2°C,  and  at  Udachnaya 
-42.0°C.  Winters  are  particularly  cold  in  northeastern  Yakutia;  the  average 
January  temperature  at  Verkhoyansk  is  -48.9°C  and  at  Oymyakon  -50.1°C. 

Summer  in  Yakutia  is  short  (2-2.5  months).  Frosts  are  possible  throughout 
the  summer.  The  mean  annual  temperatures  are  negative:  -8.2°C  at  Chernyshevsk, 
-12°C  at  Udachnaya,  and  -15.6°C  at  Verkhoyansk  (See  Figure  1-2). 


Figure  1-2.  Air  temperature  curves  for 
Mirnyy.  1 - Maximum;  2 - Mean  monthly; 
3 - Minimum;  4 - Mean  annual. 
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The  Sea  of  Okhostsk  and  Che  Bering  Sea  have  a significant  influence 
on  Che  climate  of  Kamchatka  and  Magadan.  Winter  temperatures  drop  with 


distance  from  the  coast  toward  the  interior,  while  summer  temperatures  in- 
crease as  we  move  from  the  coast  to  the  center  of  the  region.  The  average 
temperature  in  January  at  Okhostsk  is  -24.5°C  and  chat  at  Nikolayevsk-on- 
Amur  is  -24°C.  On  the  Chukotskiy  Peninsula  temperatures  decline  from  -11°C 
along  the  coast  to  -34°C  in  the  center. 

Air  temperatures  in  the  various  permafrost  regions  of  the  USSR  are 
shown  in  Table  1-2. 

Table  1-2 

Alt  Temperatures  in  the  Permafrost  Regions  of  the  USSR 


i. 
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c - 

CpeAHeroAoaaa 

ACcdn»THhol 

lumroiyu 

e - 

A£co.hothuA 

Maxcuatyu 

b—  Eaponeflcxa*  Ceaep: 
i”  Apxwrejiiotaa  o6.r. 

, T-  Korea  accp 

k — Ceaep  3anaaaoA  Cufiupu: 
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Or  +0,8  ao  —7,6 
Or  +0,3  ao  —6.3 

Or  —0,4  ao  —9.9 

V w 

Or  -32  ao  -54 
Or  —45  AO  — oo 

Or  —47  ao  —57 

V W 
Ot  24  AO  34 
Or  31  ao  34 

Or  22  ao  36 

m-  Emceflcxaa  Ceaep 
n — Ceaep  BccrowA  CnSapa: 
O - HpKyrcaaa  o4s. 

D - MimtncKma  ofi-i. 

Or  —2,2  ao  —15,6 

Or  —2.6  ao  —8,6 
Or  —7,2  ao  —7,3 

Or  —52  ao  —69 

Or  —56  AO  —00 
Or  —58  ao  —00 

Or  18  ao  37 

Or  33  ao  37 
Or  35  ao  36 

n-  AuMeaocTMua  Ceaep: 
r-  flayreaea  ACCP 
S-  Maraxaaeiua  o6j. 
t-  CaxaaxHcaaa  o6». 
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Or  —5,5  ao  —15,6 
Or  -3.7  ao  —13.7 
Or  —2.1  Ao  —2.3 
Or  —0,3  ao  —10,3 

Or  —49  ao  —71 
Or  —30  ao  —67 
Or  —43  ao  — 19 
Or  -34  AO  -52 

Or  21  ao  38 
Or  22  ao  35 
33 

Or  24  AO  33 

Key:  a - Regions,  b - Temperature,  °C,  c - Mean  annual, 
d - bsolute  minimum,  e - bsolute  maximum,  h - European  North, 
i - Arkhangel* skaya  Oblast,  j - Komi  ASSR,  k - Western  Siberian 
North:,  1 - Tyumen  Oblast,  m - Yenisey  North,  n - Eastern 
Siberian  North:,  o - Irkutsk  Oblast,  p - Chita  Oblast,  q - Far 
. Eastern  North:,  r - Yakut  ASSR,  s - Magadan  Oblast,  t - Sakhalin 
Oblast,  u - Kamchatka  Oblast,  v - From,  w - to 

1-2.  ENGINEERING  GEOLOGY 

Conditions  related  to  engineering  geology  in  the  permafrost  regions 
vary  considerably,  but  certain  common  characteristics  can  be  detected  in 
different  zones. 

Conditions  related  to  engineering  geology  are  described  below  for  the 
permafrost  areas  within  the  USSR  where  man  has  been  most  active. 


The  European  North  has  deep  Quaternary  deposits  more  than  120-130  m 
thick.  In  some  places,  however,  the  bedrock  is  exposed  or  is  covered  with 
a thin  layer  of  Quaternary  deposits.  Mantle  deposits,  mainly  diluvial, 
are  everywhere,  consisting  mainly  of  silty  loams  with  occasional  inclusions 
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shingle  and  gravel.  The  mantle  diluvial  deposits  are  0. 5-5.0  m thick  on 
slopes.  The  mantle  loams  have  a high  content  of  silt  particles  (up  to 
90%)  and  a high  moisture  content  (30%  or  more).  It  is  very  difficult  to 
excavate  the  silty  materials  with  their  high  moisture  content  without  first 
drying  them.  In  addition  they  are  subject  to  frost  heaving. 

Under  the  mantle  loams  are  Postglacial  lake-bog  deposits,  moraine 
deposits  of  the  Second  Glaciation,  etc. 

The  Western  Siberian  North  is  a lowland,  with  Quaternary  deposits 
almost  everywhere.  These  deposits  reach  a thickness  of  100-200  m.  Flood- 
plains  have  developed  in  the  valleys  of  all  rivers.  The  deposits  there  are 
quite  varied,  consisting  of  sands  of  mixed  grain  size,  loamy  sands,  and 
silty  loams.  These  deposits  are  ordinarily  7-8  m thick. 

In  the  Yenisey  North  thick  strata  of  bedrock  predominate,  consisting 
mainly  of  limestones,  dolomites,  and  marls.  In  the  plain  near  the  Yenisey 
they  are  covered  with  a layer  of  Quaternary  deposits  up  to  200  m thick  (town 
of  Dudinka).  These  consist  of  glacial  (morainic  and  glacial-lacustrine), 
marine,  lake-bog,  and  other  deposits. 

In  the  Far  Eastern  North  geological  conditions  are  extremely  varied 
and  complex.  The  western  region  of  Yakutia  lies  geographically  within  the 
Siberian  platform,  while  the  central  part  is  in  the  Lena-Vilyuy  depression, 
which  is  filled  with  ancient  sedimentary  deposits.  East  of  the  Lena  River 
is  the  Verkhoyano-Kblyma  region  of  mountains  and  lowlands  with  a wide  variety 
of  geomorphological  regions,  with  areas  ranging  from  mountain  systems  to 
depressions  and  a broad  maritime  lowland  along  the  coast  of  the  Arctic  Ocean 
consisting  of  alluvial  deposits  with  a total  thickness  up  to  100  m. 

1-3.  FROZEN  GROUND  (GE0CRY0L0GICAL)  CONDITIONS 

Frozen  ground  is  defined  as  that  with  a negative  or  zero  temperature 
and  which  contains  ice. 

From  the  viewpoint  of  age,  frozen  ground  is  subdivided  into  seasonally 
frozen  ground  and  permanently  frozen  ground  (frozen  for  many  years). 

Permanently  frozen  ground  is  that  which  remains  in  the  frozen  state  for  a 
long  time  (from  several  years  to  tens  of  thousands  of  years).  According 
to  Construction  Standard  and  Specification  II-B.6-66,  this  period  is  defined 
as  exceeding  three  years. 

When  its  temperature  regime  changes,  permanently  frozen  ground  obviously 
becomes  structurally  unstable  ground.  Construction  on  such  ground  without 
taking  special  precautions  will  most  certainly  result  in  intolerable  deforma- 
tion of  the  structures.  At  the  same  time,  if  the  properties  of  such  ground 
are  taken  into  account  correctly,  a wide  variety  of  structures  can  be  built 
on  it  successfully. 
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Above  Che  pemanencly  frozen  layer  there  is  a layer  of  material  which 
freezes  and  thaws  every  year  with  the  seasons;  this  is  called  the  active 
layer.  Seasonal  freezing  is  defined  as  the  freezing  of  thawed  ground  which 
has  a mean  annual  temperature  above  0°C.  The  seasonally  frozen  layer  is  under- 
lain by  unfrozen  ground.  Seasonal  thawing  of  the  ground  is  understood  to  mean 
the  thawing  of  frozen  ground  having  a mean  annual  temperature  of  0°C.  The 
layer  of  seasonal  thawing  is  underlain  by  a layer  of  permanently  frozen 
ground. 


There  may  be  intermediate  forms  between  permanently  frozen  ground  and 
seasonally  frozen  ground.  Thus,  seasonally  frozen  ground  may  not  thaw  during 
the  summer  and  thus  persist  several  years.  Such  layers  of  frozen  ground  are 
called  pereletki. 


The  development  of  seasonally  freezing  and  seasonally  thawing  layers 
and  their  depth  depend  on  * variety  of  natural  factors,  but  most  particularly 
on  the  lithological  composition  and  origin  of  the  surface  deposits,  the 
characteristics  of  the  surface  soil,  the  ground  water,  the  nature  of  the 
topography  and  vegetation,  the  microclimate  of  individual  areas,  etc. 


Frozen  ground  is  subdivided  on  the  basis  of  distribution  into  con 
tinuous  and  discontinuous  frozen  ground. 


Islands  of  frozen  ground  are  found  along  the  southern  boundary  of  the 
permafrost  zone  as  islands  within  a general  expanse  of  ground  which  thaws. 


Discontinuous  frozen  ground  with  islands  and  tracts  of  ground  subject 
to  thawing  within  a general  expanse  of  permafrost  is  found  much  farther  north 
than  permafrost  islands.  Ground  subject  to  thawing  is  found  mainly  in  river 
valleys,  on  water  divides,  and  on  their  slopes. 


Continuously  distributed  frozen  ground  predominates  in  the  central 
and  northern  parts  of  the  permafrost  zone.  But  zones  subject  to  thawing 
exist  here  also  because  of  the  influence  of  warming  factors  (such  as  surface 
and  underground  water)  and  are  found  mainly  as  perforating  or  enclosed 
thawed  zones  (tallkl)  under  rivers  and  lakes. 


The  thickness  of  the  permafrost  layer  varies  depending  on  numerous 
factors,  chief  among  which  are  the  duration  of  the  cold  season  and  the  depth 
of  cooling  of  the  earth's  crust,  as  well  as  on  the  properties  and  state  of  the 
soil  materials.  The  latter  in  turn  depend  on  latitude  and  elevation. 


Fig.  1-1  is  a diagrammatic  map  of  the  distribution  of  permafrost  in 
the  USSR.  It  must  be  pointed  out  that  the  sourthern  boundary  of  the  perma- 
frost zone  shown  on  this  map  is  not  accurate  but  rather  diagrammatic,  since 
frozen  and  thawed  areas  "interpenetrate"  along  a broad  band  in  the  region  of 
this  boundary.  Thawed  and  frozen  areas,  both  at  the  surface  and  at  some 
depth,  can  be  found  along  the  southern  boundary  of  the  permafrost  zone. 
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A number  of  authors  have  now  compiled  map-diagrams  of  the  temperature 
and  frozen-ground  geological  regions  of  the  USSR  (V.  A.  Kudryavtsev,  A.  I. 
Popov,  I.  Ya.  Baranov,  and  P.  F.  Shvetsov). 

The  distribution  of  frozen  ground  is  defined  on  the  basis  of  freezing 
conditions  in  a given  area,  the  latter  in  turn  being  based  on  equivalent 
climatic  geological,  and  geographic  situations. 

The  geocryological  zoning  of  a territory  means  its  subdivision  into 
zones  wherein  the  characteristics  on  which  the  zoning  is  based,  both  qualita- 
tively and  quantitatively,  exist  in  strictly  defined  combinations  which 
differ  from  the  characteristics  of  other  zones  [3]. 

The  southern  boundary  of  the  permafrost  zone  has  been  drawn  to  a large 
extent  on  the  basis  of  previously  established  requirements  for  the  existence 
of  permafrost.  Actual  data  which  could  be  used  to  sstablish  its  location 
accurately  are  very  few,  even  within  the  Soviet  Union. 

In  locating  the  southern  permafrost  boundary  on  the  map  some  authors 
adopt  an  isothermal  line  corresponding  to  the  mean  long-term  depth  of  seasonal 
freezing  of  the  ground  as  observed  under  typical  geographical  conditions. 

Other  authors,  and  V.  A.  Kudryavtsev  in  particular,  suggest  that  this  boundary 
be  the  average  line  corresponding  to  zero  ground  temperature  over  a long 
period  of  time  at  the  base  of  the  layer  with  annual  temperature  fluctuations 
[42].  Such  a boundary  can  also  be  run  along  the  southernmost  islands  of 
permafrost.  The  latter  boundary,  of  course,  will  fall  significantly  farther 
south  than  the  preceding  one,  since  it  will  include  the  region  of  insular 
permafrost  distribution  and  permafrost  islands  are  found  within  a zone  where 
mean  annula  temperatures  are  positive. 

In  our  opinion  the  latter  approach  should  be  adopted  as  most  useful 
from  the  practical  point  of  view.  At  the  same  time  it  should  be  stated  that 
whatever  basis  is  used  for  drawing  the  southern  boundary  of  permafrost,  maps 
containing  such  boundaries  can  be  considered  only  as  roughly  indicative. 

Regardless  of  the  availability  of  such  maps  showing  zonal  boundaries, 
successful  construction  and  use  of  structures  on  permafrost  require  a de- 
tailed study  of  the  engineering  geology,  the  hydrogeology,  and  freezing 
conditions  at  the  construction  site.  ■ 

Fig.  1-3  shows  the  vertical  temperature  field  in  permafrost  based  on 
data  developed  by  N.  S.  Bogdanov  [24],  and  N.  A.  Tystovich  [100]. 

The  ground  temperature  varies  from  positive  to  negative,  depending 
on  the  time  of  year,  down  to  the  depth  of  seasonal  thawing  (hg).  Below 
hc  the  ground  temperature  remains  always  negative.  Starting  at  a certain 
depth,  the  ground  temperature  rises  to  0°C  or  above.  The  distance  from 
the  upper  to  the  lower  boundary  of  the  frozen  layer  is  defined  as  its 
thickness  He. 
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Figure  1-3.  Temperature  field  in  permafrost. 

1 - Surface  of  the  earth;  2 - Seasonally  thawing  layer; 

3 - Lower  surface  of  seasonally  thawing  layer;  4 - Level  at 
which  annual  temperature  fluctuations  do  not  appear;  5 - Perma- 
frost layer;  6 - Lower  boundary  of  permafrost;  7 - Unfrozen  zone 
of  the  earth's  crust;  0°  - Ground  temperature  at  the  zero 
amplitude  level. 


Some  data  on  permafrost  thickness  at  various  locations  in  the  USSR 
are  given  in  Table  1-3  [70]. 


In  Fig.  1-3  the  plane  TT  corresponds  to  the  depth  h»j  at  which  the 
amplitude  of  annual  temperature  fluctuations  is  practically  zero. 


The  depth  of  seasonal  freezing  and  thawing  of  the  ground  varies  in 
different  regions,  and  data  on  this  are  given  in  Table  1-4  for  certain 
characteristic  locations. 


As  was  mentioned  earlier,  frozen  ground  is  subdivided  according  to 
age  into  seaeonally  frozen  ground  (measured  in  months)  and  permanently 
frozen  ground  (measured  in  years,  hundreds  of  years,  and  thousands  of  years) 
Between  these  basic  types  there  are  intermediate  forms  of  frozen  ground, 
mutual  transitions,  etc. 


Study  of  seasonal  freezing  and  thawing  of  the  ground  is  very  important 
from  the  viewpoint  of  engineering  geology.  Assessment  of  the  engineering 
geology  of  an  area  is  impossible  without  prediction  of  change  in  the  freezing 
situation  following  construction.  The  prediction  involves  above  all  a 
description  of  seasonal  thawing  and  freezing  under  the  altered  conditions, 
a study  of  the  possibility  of  the  development  of  pereletki  and  the  formation 
of  new  frozen  areas  in  unfrozen  zones,  the  thawing  of  permafrost,  the 
development  of  thermokarst,  etc. 
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The  formation  of  seasonally  freezing  and  seasonally  thawing  layers  is 
influenced  by  a variety  of  natural  factors:  the  lithology  of  the  ground,  the 
characteristics  of  the  soil  cover,  the  presence  of  ground  water  and  surface 
water,  and  the  nature  of  the  topography  (exposure,  vegetation,  the  micro- 
climate of  individual  areas,  etc.). 

| J 

The  depth  of  seasonal  freezing  and  thawing  changes  when  there  is  a 
change  in  the  overall  temperature  conditions. 

A snow  cover  protects  the  ground  from  freezing  by  altering  the  mean 
annual  temperature  of  the  ground  and  the  annual  amplitude  of  temperature 
changes  at  the  ground  surface.  When  the  snow  cover  is  eliminated,  seasonal 
freezing  is  deeper. 


Vegetation  influences  the  seasonal  freezing  and  thawing  of  the  ground 
by  changing  heat-exchange  conditions  at  the  surface. 


The  influence  of  slope  exposure  on  the  depth  of  seasonal  freezing  and 
thawing  results  from  the  difference  in  average  annual  temperatures  of  the 
ground  on  slopes  of  southern  and  northern  exposure.  This  difference  is  due 
chiefly  to  the  difference  in  maximum  temperatures  during  the  summer  at  the 
surface.  The  redistribution  of  the  snow  cover  where  the  snow  is  continuously 
blown  by  the  wind  also  has  an  effect. 


Haterlogging  affects  seasonal  freezing  and  thawing  of  the  ground 
mainly  because  in  waterlogged  areas  the  moisture  content  of  the  ground  is 
equal  to  or  close  to  the  absolute  moisture  capacity.  When  water-saturated 
ground  freezes,  the  phase  transition  of  the  water  evolves  more  heat. 

The  productive  activity  of  man  has  a very  large  effect  on  temperature 
conditions  in  the  ground  and  thus  on  its  seasonal  freezing  and  thawing. 
Removal  of  vegetation,  cutting  of  trees,  clearing  snow  from  an  area,  the 
compaction  and  storage  of  snow,  the  building  of  artificial  reservoirs  and 
drainage  systems,  the  darkening  of  the  snow  cover  in  settled  areas  and  areas 
close  to  industrial  facilities,  paving  with  asphalt  and  concrete,  cutting 
and  piling  up  the  earth,  building  and  shading  the  ground,  etc.,  all  alter 
significantly  the  conditions  for  heat  exchange  at  the  surface  and  result  in 
a change  of  the  overall  temperature  regime,  and  particularly  the  depth  of 
seasonal  freezing  and  thawing  of  the  ground. 

1-4.  HYDROLOGY  OF  THE  RIVERS 

The  presence  of  permafrost  and  severe  climatic  conditions  influence 
the  geographic  factors  of  runoff,  the  supply  and  distribution  of  river  water 
during  the  year,  as  well  as  winter  conditions  in  the  rivers  before  and  after 
dams  are  built. 

Because  we  usually  do  not  know  enough  about  the  rivers  in  the  regions 
in  question,  in  water-related  construction  special  attention  should  be  given 
particularly  to  studying  the  character  of  the  runoff,  to  determining  the 
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rates  of  runoff,  i.  e.  the  annual  volume  of  runoff  and  its  variations  with 
time,  the  amount  of  water  discharged  and  the  levels  during  low-water  and 
high-water  years.  In  doing  this,  of  course,  particular  attention  should  be 
given  to  determining  maximum  flood  discharge,  which  will  determine  the  size 
of  sluiceways. 

There  have  been  cases  where  water-related  structures  in  the  Far  North 
have  been  destroyed  as  a result  of  improper  determination  of  flood  discharge. 

I , 

The  sluiceway  of  a temporary  dam  on  the  Irelyakh  River  was  designed 
to  pass,  with  a frequency  of  10Z,  a flood  discharge  of  167  sr /sec,  but 
during  the  first  year  of  its  use  the  flood  discharge  reached  193  or /sec. 

Since  the  sluiceway  could  not  handle  this  discharge  and  water  spilling 
over  the  crest  threatened  to  erode  the  dam,  the  sluiceway  at  the  right  end 
was  enlarged  with  explosives. 

Because  of  the  presence  of  trees  and  a layer  of  moss  and  peat,  rivers 
in  the  permafrost  zone  do  not  carry  much  sediment.  Therefore  little  attention 
is  ordinarily  given  to  siltation  of  the  impoundment  when  dams  are  built  in 
the  Far  North. 

The  behavior  of  rivers  in  this  zone  during  winter  also  has  a significant 
influence  on  the  construction  and  use  of  dams  and  reservoirs.  Ice  con- 
ditions, the  formation  of  frazil  ice,  and  the  movement  of  ice  through  a 
channel  narrowed  by  cofferdams  are  very  important  factors.  Cases  of  ice 
gorges  threatening  construction  sites  have  been  observed. 

Hydrological  conditions  of  rivers  in  the  permafrost  zone  differ 
significantly  because  of  variation  in  natural  conditions.  But  all  rivers 
in  this  zone  have  spring  floods,  high  water  in  the  summer  and  after  rains 
when  the  spring  floods  have  subsided,  and  a long  winter  period  of  low 
water,  when  most  small  rivers  freeze  up.  The  seasonal  distribution  of 
river  flow  is  shown  in  Table  1-5  as  percents  of  the  annual  flow. 

Hydrological  conditions  in  the  rivers  of  the  permafrost  zone  are 
extremely  variable  during  the  year  because  of  the  special  nature  of  their  . 
water  supply.  River  flow  is  very  uneven  during  the  year.  For  instance, 
maximum  and  minimum  flow  in  the  Vilyuy  River  observed  during  the  construc- 
tion of  the  Vilyuy  Hydroelectric  Power  Station  was  12,700  m’/sec  and 
1.5  nr/sec,  respectively.  Maximum  discharge  was  8500  times  greater  than 
minimum  discharge  within  a year:  By  way  of  comparison  maximum /minimum 

discharge  ratios  for  other  rivers  of  the  Temperate  Zone  are:  Volga,  40-60; 
Svir*  and  Niva,  2-6;  and  Angara,  3. 

The  uneven  distribution  of  flow  in  the  Vilyuy  River,  in  particular, 
is  seen  in  the  following  figures:  84Z  of  the  runoff  occurs  in  spring-summer, 

14Z  in  summer-fall,  and  only  2Z  of  the  annual  total  during  the  winter 
(see  Figure  1-4). 


Table  1-5 
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Seasonal  distribution  of  river  flow 
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The  discharge  of  all  rivers  of  Yakutia  and  Magadan  Oblast  drops 
sharply  in  the  winter.  Most  of  them  freeze  up  completely  or  individual 
disconnected  pools  remain  in  deep  stretches  of  the  river. 

The  rivers  are  fed  in  winter  by  ground  water  in  taliki  (unfrozen 
areas),  but  these  often  freeze  up  and  the  supply  of  water  to  the  river  ceases. 

During  the  summer  there  are  several  peaks  due  to  rains  as  well  as  to 
the  so-called  "black  waters",  which  enter  the  rivers  when  rain  causes 
significant  thawing  of  the  permafrost. 

Spring  flooding  is  heavy  in  years  when  there  has  been  abundant  snow- 
fall and  snow  melting  coincides  with  spring  rains.  In  the  case  of  the 
Vilyuy  River,  for  instance,  spring  flood  discharge  may  vary  from  2400  to 
13,000  nr /sec,  i.  e.  5.5  times. 

Observational  data  on  discharge  and  water  level  are  not  always  adequate 
for  the  rivers  of  the  permafrost  zone.  In  these  cases  the  mean  long-term 
flow  is  usually  estimated  on  the  basis  of  maps  showing  mean  rates  of  runoff. 
But  this  method  cannot  always  be  accurate.  The  analogy  method  is  difficult 
to  use  because  of  the  difficulty  in  choosing  a river  analogue.  Here  it  is 
necessary  to  make  a thorough  analysis  of  conditions  of  physical  geography  in 
the  basins  of  both  rivers. 
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Fig.  1-4.  Hydrograph  of  the  Vilyuy  River. 

...  - a low-water  year  (1936);  . - a -year  close  to* average 

(I960);  - a high-water  year  (1959);  - - the  same  (1933). 


Thu  thermal  regime  of  reservoirs  and  rivers  in  the  Ear  North  is 
particularly  important.  It  depends  on  heat  exchange  conditions  between 
the  water  and  the  environment,  particularly  exchange  with  the  atmosphere  and 
with  the  bed  of  the  reservoir,  where  permafrost  is  a critical  factor. 

The  vertical  distribution  of  temperature  in  the  water  is  essential  to 
a proper  understanding  of  phenomena  taking  place  during  the  winter  in  rivers 
and  other  water  bodies  with  impeded  flow.  In  a reservoir,  where  the  rate  of 
flow  is  very  low,  the  basic  factor  governing  the  vertical  distribution  of 
temperatures  is  density. 

Hater,  of  course,  has  maximum  density  at  4°C,  and  it  approaches  this 
temperature  at  great  depths.  But  the  water  temperature  is  lower  near  the 
bottom  due  to  the  influence  of  permafrost  there. 


The  Ice  cover  on  particular  rivers  reaches  a thickness  of  200  cm. 
River  opening  varies  depending  on  the  rate  of  melting  of  the  snow  and  ice. 
Conditions  are  especially  unfavorable  for  ice  movement  on  rivers  which  flow 
from  south  to  north  or  east  and  west. 

In  the  first  case,  ice  moving  from  the  south  is  blocked  by  the  edge 
of  ice  which  is  still  strong,  and  this,  of  course,  causes  ice  gorges.  The 
same  thing  occurs  where  river  channels  are  locally  narrow.  Very  high  water 
levels  accompany  such  ice  gorges.  For  instance  in  1966  the  Lena  River  rose 
17  m at  the  town  of  Lensk.  During  construction  of  the  Mamakan  Hydroelectric 
Power  Station,  the  Mamakan  River  was  clear  of  ice  earlier  than  the  Vitim 
River,  into  which  it  empties.  The  result  was  an  ice  gorge  and  the  water 
level  in  the  Mamakan  River  rose  above  the  top  of  the  protective  cofferdams, 
flooding  the  construction  site. 

r 

In  the  case  of  rivers  which  flow  east  and  west,  simultaneously  heavy 
melting  of  snow  in  the  drainage  basin  causes  heavy  movement  of  ice  along  the 
entire  length  of  the  river  and  a violent  rise  in  water  level.  On  the  Vilyuy 
River,  for  instance,  water  levels  on  particular  days  rise  4-5  m,  and  the 
overall  flood  level  reaches  16  m. 

Problems  of  ice  passage  are  particularly  important  during  periods  of 
construction  because  of  the  need  to  build  bofferdams  and  confine  the  river. 
Hence  water  velocity  in  parts  of  the  river  bed  confined  by  cofferdams  is 
significantly  greater  than  under  natural  conditions  for  in  the  approaches  to 
the  cofferdams,  so  that  there  is  no  special  problem  in  providing  for  smooth 
entry.  An  interesting  example  of  ice  passage  through  a construction  bypass 
is  3een  in  the  construction  of  the  dam  for  the  Vilyuy  Hydroelectric  Power 
Station.  A large  waterfall  was  built  at  the  entry  to  the  channel.  Even 
thick  ice  floes  were  broken  up  here  and  passed  easily  through  the  channel 
(see  Fig.  1-5).  Hhen  a reservoir  has  been  completely  filled,  experience  has 
demonstrated  that  the  ice  ordinarily  melts  in  the  reservoir. 

1-5.  GROUND  WATER  CONDITIONS 

Ground  water  in  permafrost  regions  is  of  three  principal  types: 
suprapermafrost,  intrapermafrost,  and  subpermafrost. 

Ground  water  occurs  mainly  in  alluvial,  diluvial,  glacial,  and  other 
Quaternary  deposits,  and  its  presence  depends  on  the  depth  of  seasonal 
thawing.  -The  permafrost  in  this  case  represents  the  impermeable  substrate. 
The  principal  source  of  the  suprapermafrost  water  is  atmospheric  precipita- 
tion. This  water  tends  to  cause  bog  conditions  in  flat  areas  because  of  the 
impeded  runoff  and  the  presence  of  the  impermeable  stratum  below. 

On  steep  slopes  where  the  soil  materials  are  sufficiently  permeable, 
the  suprapermafrost  water  drains  into  low  areas.  Such  water  sometimes  comes 
out  on  the  surface. 
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Figure  1-5.  Ice  on  the  Vilyuy  River  passing  through  a bypass 
in  1965. 


During  the  winter  the  suprapermafrost  ground  water  usually  freezes  up 
completely.  But  in  certain  areas,  when  the  surface  layer  freezes  from  above 
and  the  permafrost  encroaches  from  below,  the  cross-section  of  the  talik 
is  reduced.  This  causes  the  pressure  of  the  ground  water  to  build  up  or. 
slopes,  and  in  the  valleys  of  rivers  and  creeks,  to  be  released  as  naiads. 
River  waters  may  also  sometimes  be  the  source  of  supply  for  naleds. 

Naleds  are  subdivided  into  surface  and  subsurface  types,  and  the  latter  may 
occur  in  the  form  of  fossil  ice.  Naleds  are  also  subdivided  into  seasonal 
and  long-term  types. 


Other  types  of  ground  water  are  found  in  the  floodplains  of  river 
valleys.  These  are  fed  by  the  suprapermafrost.  water  draining  from  the 
slopes  and  by  atmospheric  precipitation.  The  suprapermafrost  water  in 
river  valleys  occurs  mainly  in  recent  alluvial  deposits. 


Permanent  taliki  develop  on  floodplains  and  the  terraces  above  as  a 
result  of  heat  transfer  by  river  and  suprapermafrost  waters. 


The  size  of  the  talik  aquifers  in  the  valleys  of  rivers  which  freeze 
up  depends  on  the  season  of  the  year,  the  geographical  location,  geological 
structure  and  area  of  the  basin,  the  shape  of  the  valley  bottom,  the  thick- 
ness and  composition  of  the  permeable  deposits,  water-supply  conditions,  and 
the  duration  of  circulation  of  the  suprapermafrost  flow  [68]. 


■ 


Intrapermafrost  water  occurs  mainly  in  river  valleys.  The  intra- 
permafrost  water  of  penetrating  taliki  occurs  both  in  Quaternary  deposits 
and  in  fissures  in  bedrock  of  various  composition  and  age.  Intrapermafrost 
talik  quifers  are  important  because  they  provide  a link  between  the 
suprapermafrost  and  the  subpermafrost  water. 


The  subpermafrost  ground  water  includes  all  the  underground  water 
that  occurs  at  various  depths  below  the  permafrost.  The  depth  of  the 
subpermafrost  water  usually  depends  on  topography  and  the  thickness  of  the 
permafrost.  The  subpermafrost  water  is  under  pressure  almost  everywhere, 
and  the  impermeable  layer  above  is  usually  permafrost. 


In  many  cases  subpermafrost  water  is  a reliable  source  of  water 
supply.  The  possibility  of  using  subpermafrost  water  for  water  supply 
depends  on  the  rate  of  discharge  and  the  chemical  composition. 


4 
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Chapter  2 


PERMAFROST  AS  A FOUNDATION  FOR  DAMS 


2.1  THE  ENGINEERING  PHYSICS  OF  FROZEN  GROUND 


The  presence  of  ice  in  frozen  ground.  The  critically  important 
characteristic  of  permafrost  is  that  it  contains  ice.  Hence  the  composition, 
structure,  and  properties  of  permanently  frozen  ground  depend,  on  the  one 
hand,  on  the  composition,  and  on  the  other,  on  the  quantity  and  nature  of  the 
distribution  of  ice  in  it. 


Permanently  frozen  ground  is  subdivided  into  epigenetic  and  syngenetic 
types  on  the  basis  of  freezing  history  [42].  Epigenetic  permafrost  includes 
those  materials  which  froze  after  they  were  developed.  These  are  mainly  pre- 
Quatemary  deposits.  Syngenetic  permafrost  includes  those  materials  which 
froze  simultaneously  with  the  formation  of  Quaternary  sediments.  Thus  only 
Quaternary  sediments  can  be  syngenetic  permafrost,  and  these  sediments  are 
most  widespread  on  the  low  plains  of  the  North. 


Syngenetic  frozen  strata  are  very  important  in  engineering  permafrost 
to logy,  since  they  are  located  in  the  upper  part  of  the  earth's  crust,  which 
is  the  site  of  most  engineering  activity,  and  it  is  here  that  we  find  such 
cryogenic  processes  of  engineering  importance  as  frost  fissuring,  the  formation 
of  polygonal  veins  of  ice,  solif luction,  thermokarst,  etc. 


Texture  of  frozen  ground.  The  cryogenic  texture  of  permafrost  depends 
on  the  distribution  of  the  texture-forming  ice,  which  can  be  present  as 
relatively  small  lenses,  sheets,  layers,  grains,  and  other  forms  of  inclusions 


Several  basic  cryogenic  textures  are  distinguished  in  unconsolidated 
deposits,  including!  massive,  reticulated,  stratified,  etc.  The  massive  tex- 
ture is  typical  of  sandy  materials,  where  the  ice  serves  as  a sort  of  cement, 
but  without  visible  inclusions.  Both  reticulated  and  stratified  textures  are 
characteristic  of  dispersed  materials  and  peat.  In  clayey  soil  materials 
(clays,  loams,  and  loamy  sands),  the  ice  content  depends  on  the  concentration 
of  ice  inclusions  in  the  form  of  individual  lenses  and  layers.  In  the 
reticulated  texture,  systems  of  cross-oriented  and  intersecting  ice  inclusions 


The  properties  of  permafrost  are  discussed  briefly  in  this  chapter, 
information  see,  for  example,  References  42,  73,  and  102. 


create  an  ice  network.  In  the  layered  texture  the  ice  is  present  in  the 
form  of  separate  layers  and  sheets.  In  this  case  the  layers  may  be  horizon- 
tal , slanted,  or  wavy. 

A crusty  texture  is  characteristic  of  gravelly-pebbly  materials 
with  sand  and  loamy  sand  fillers  and  of  loams  with  a gravelly-pebbly  filler. 
In  this  case  the  ice  forms  crusts  around  the  larger  fragmentary  material, 
while  in  the  filler  the  ice  is  a cement.  Sometimes  the  ice  in  such  materials 
may  be  present  in  the  form  of  small  diffuse  accumulations. 

Frozen  ground  with  massive  texture  shows  greater  strength,  other 
conditions  being  equal.  The  strength  characteristics  of  frozen' ground 
with  stratified  texture  depend  on  the  size  and  number  of  the  ice  inclusions 
and  on  the  nature  of  their  interstratification  with  the  frozen  mineral 
layers.  Here  the  larger  the  ice  inclusions  and  the  greater  their  thickness, 
the  smaller  the  continuous  load  strength  of  the  ground.  Ground  with  a 
reticulated  texture  occupies  an  intermediate  position  as  far  as  strength 
is  concerned  between  ground  with  massive  and  stratified  textures. 

In  consolidated  and  semiconsolidated  ground,  ice  inclusions  are 
present  as  filler  in  fissures  and  cavities  which  might  have  existed  before 
freezing  started  and  were  filled  with  water.  Such  ice  is  of  epigenetic 
origin. 


The  upper  zone  of  bedrock  to  a depth  of  several  tens  of  meters  is 
usually  more  broken  due  to  weathering  processes  that  took  place  in  geo- 
logical epochs  prior  to  freezing.  This  zone  also  may  have  been  subject 
to  so-called  frost  weathering  as  a result  of  multiple  freezing  and  thawing. 

The  ice  content  of  this  zone  is  usually  highest  at  the  surface,  gradually 
decreasing  with  depth. 

In  solving  engineering  problems  one  must  take  into  account  not  only 
the  quantitative  ratio  of  ice  to  mineral  particles  in  the  frozen  ground  but 
also  the  form  and  size  of  the  ice  inclusions  (crystals,  lenses,  layers, 
and  veins).  They  may  include  ice  naleds  buried  by  river  alluvium  and  lake- 
bog  deposits,  frozen  water  bodies,  river  and  lake  ice,  ice  formed  as  a 
result  of  the  freezing  of  aquifers,  etc.  The  literature  contains  descriptions 
of  syngenetic  and  epigenetic  "refrozen"  vein  ice  or  polygonal  vein  ice,  the 
formation  of  which  results  from  the  frost-fissuring  of  massive  material 
[42,  70]. 

Fossil  ice  may  vary  in  form  and  size,  reaching  thicknesses  ranging 
from  several  tens  of  centimeters  to  several  meters.-  During  construction 
of  a dam  on  the  Irelyakh  River,  when  a tooth  trench  was  being  extended  into 
alluvial  deposits  of  the  floodplain  on  the  left  bank  of  the  river,  a lens 
of  fossil  ice  was  discovered  which  was  up  to  1.5  m thick  and  extended  12 
meters  along  the  axis  of  the  dam. 

An  even  larger  lens  of  fossil  ice  (8  m)  was  found  at  the  construction 
site  of  a dam  on  Byystakh  Creek,  which  is  a tributary  of  Daldyn  River  in 
the  Yakut  ASSR. 
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Permafrost  is  subdivided  according  to  ice  content  into  very  icy, 
icy,  and  slightly  icy.  Very  icy  ground  is  that  which  contains  more  than 
50%  ice  by  volume;  slightly  icy  ground  contains  less  than  25%  ice  by  volume, 
and  icy  ground  contains  from  25%  to  50%  ice  by  volume.  When  it  thaws, 
very  icy  ground  has  a very  low  bearing  capacity  and  is  highly  compressible 
[102]. 


Permafrost  is  subdivided  according  to  physical  state  into  hard 
permafrost  and  plastic  permafrost.  Hard  permafrost  is  that  which  is  tightly 
cemented  by  ice,  shows  relatively  brittle  fracturing  properties,  and  is 
practically  incompressible  under  load. 

Plastic  permafrost  is  that  which  is  cemented  by  ice  but,  because  of 
its  high  content  of  unfrozen  water  possesses  viscous  properties  and  is 
capable  of  compression  under  load.  Plastic  frozen  ground  includes  all 
high-temperature  finely  dispersed  frozen  ground  where  the  negative  tem- 
perature does  not  drop  below  -0.3°C  in  the  case  of  silty  sands,  -0.6°C  in 
the  case  of  loamy  sands,  -1.0°C  in  the  case  of  loams,  and  -1.5°C  in  the 
case  of  clays. 

The  existence  and  development  of  frozen  ground  must  be  considered, 
not  as  constant  and  unchanging,  but  as  in  motion,  interacting  with  all  the 
phenomena  of  nature. 

A change  in  temperature  conditions  in  frozen  ground  leads  to  quali- 
tative changes  in  it,  to  changes  in  its  physical  and  mechanical  properties. 
Hence,  it  is  important  to  predict  the  change  in  frozen  ground  with  the 
passage  of  time  depending  on  environmental  conditions,  and  to  study  these 
conditions,  the  pattern  and  dynamics  of  their  change.  The  composition  and 
properties  of  freezing  and  thawing  monolithic  consolidated  materials  are 
less  variable  than  in  the  case  of  dispersed  materials. 

Dispersed  frozen  ground  is  a multiphase  and  multicomponent  system 
in  which  the  following  constituents  are  distinguished:  solid,  consisting 
of  the  mineral  skeleton  and  ice;  liquid,  consisting  of  unfrozen  water  with 
the  salts  dissolved  in  it;  and  gaseous  (gases  and  water  vapor),  which  are 
present  in  the  pores  of  the  ground  in  the  free  state  [98]. 

Migration  of  water  contained  in  the  ground  during  the  processes  of 
freezing  and  thawing  leads  under  certain  conditions  to  the  formation  of  ice 
layers  in  finely  dispersed  materials  or  to  the  formation  of  frost  structures 
and  textures,  to  changes  in  volume  and  deformation  of  the  ground,  and  to 
heaving. 

Migration  of  moisture  associated  with  a change  in  texture  and 
structure,  in  ice  content  and  in  moisture  content  sharply  alters  the  physical 
and  mechanical  properties  of  the  ground. 

The  moisture  content  of  thawing  ground  depends  to  a large  extent  on 
its  actual  bedding  conditions.  If  free  water  cannot  drain  away  from  the 
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thawing  ground,  all  the  water  present  when  it  froze  is  retained.  If  free 
drainage  is  possible,  then  the  amount  of  moisture  in  the  ground  is  determined 
by  its  water-holding  capacity.  In  this  case  the  final  moisture  content 
of  the  ground  when  it  thaws  may  be  less  than  its  original  moisture  content 
prior  to  freezing. 

Heaving  of  the  ground  is  the  uneven  increase  in  volume  associated 
with  freezing.  This  occurs  both  as  a result  of  the  increased  volume  of 
water  present  in  the  ground  and  as  a result  of  freezing  of  new  water 
entering  thq  ground  in  question  from  the  outside,  and  water  moving  to  the 
freezing  front,  i.e.  with  seepage  of  moisture  from  elsewhere  [42]. 

Heaving  of  dispersed  soil  materials  when  frozen  occurs  throughout 
the  frozen  ground  region,  but  it  varies  due  to  different  freezing  conditions, 
composition  of  the  ground,  and  moisture  of  the  ground. 

Frost-fissuring.  The  distribution  of  temperature  with  depth  in  the 
permafrost  region  is  shown  in  Fig.  2-1.  He  see  there  that  the  surface 
layers  of  the  ground  are  subject  to  the  influence  of  temperature  fluctuations 
ranging  from  a minimum  value  in  the  winter  (tm^n)  to  maximum  in  summer 
^max^* 


Fig.  2-1.  Curves  showing  temperature  variation  in  the  ground. 

1 - Surface  of  the  ground;  2 - Distribution  of  temperature  in 
the  upper  layer  of  frozen  ground  in  the  winter;  3 - Distribution 
of  temperatures  in  the  upper  layer  of  frozen  ground  in  the 
summer;  0°  - temperature  of  the  ground  at  the  level  of  annual 
fluctuations;  tm^n  - minimum  winter  temperatures  at  the  surface 
of  the  ground;  tmax  - summer  temperatures  at  the  surface  of  the 
ground . 

Key:  a - tm^n;  b - tjj^;  c - tav. 


Volume  changes  occur  in  unfrozen  and  frozen  ground  with  cooling 
and  wanning,  with  freezing  and  thawing.  These  changes  usually  are  un- 
even. Thus,  during  cooling  or  freezing  the  surface  layers  of  the  ground 
are  subject  to  tensile  stresses  while  the  interior  layers  experience 
compressive  stresses. 


In  the  winter  the  tensile  stresses  may  exceed  the  instantaneous 
tensile  strength,  which  results  in  cracking  of  the  ground  surface,  i.e 
appearance  of  frost  fissuring  (see  Figure  2-2). 


Figure  2-2.  Frost  fissuring  of  rocks 


Frost  weathering.  Physical  weathering  of  the  ground  is  more  intense 
in  permafrost  regions  than  in  southern  regions.  This  is  promoted  by  the 
greater  amplitude  of  temperature  fluctuations  which  cause  internal  stresses 
in  the  ground  and  a mechanical  wedging  action  by  films  of  water  in  tiny 
fissures  when  they  freeze.  In  spring  and  fall  temperatures  in  the  surface 
layer  of  the  ground  move  back  and  forth  across  zero  frequently. 


Solifluctlon.  This  is  the  slow  “low  usually  of  dispersed  ground  down 
a slope  caused  by  excessive  wetness  and  a reduction  in  the  angle  of  internal 
friction.  As  a result  the  ground  flows  down  the  slope  under  its  own  weight 
in  the  form  of  "tongues.” 


2-2.  PHYSICAL  AND  MECHANICAL  PROPERTIES 
OF  FROZEN  GROUND  UPON  THAWING 

The  physical  and  mechanical  properties  of  frozen  ground  depend  on 
temperature  conditions.  Frozen  ground  with  low  negative  temperatures  has 
a high  mechanical  strength,  reaching  10  kg/cm2  or  more.  When  it  thaws, 
the  physical  properties  of  this  ground  change  sharply.  It  assumes  a fluid 
consistency  and  loses  its  bearing  capacity  entirely.  Other  physical  and 
mechanical  properties  of  the  ground  also  change.  Hence  the  physical  and 
mechanical  properties  of  the  ground  must  not  be  considered  without  taking 
into  account  temperature  conditions,  loading,  and  time. 

One  of  the  principal  factors  involved  in  the  change  of  physical 
and  mechanical  properties  of  frozen  ground  with  thawing  is  the  sharp 
change  in  structure  as  a result  of  breakdown  of  the  ice-cement  bonds 
accompanying  the  transition  from  ice  to  water  [98].  Thawing  of  pore  ice 
in  frozen  dispersed  material  occurs  not  just  at  0°C  but,  in  accordance 
with  the  theory  of  incomplete  freezing  of  water,  in  dispersed  frozen  ground 
with  any  rise  in  temperature,  even  in  the  negative  temperature  range. 

According  to  this  theory  as  the  temperature  of  the  ground  approaches 
0°C,  its  strength  properties  deteriorate,  but  the  frozen  ground  still  will 
possess  a certain  strength  because  cementation  has  not  yet  completely 
disappeared  and  also  many  voids  will  be  filled  with  ice,  which  joins  the 
individual  particles  mechanically  into  aggregates  which  are  quite  dense. 

But  when  all  the  pore  ice  thaws,  the  structure  of  the  ground  is  sharply 
altered  [98]. 

After  freezing  the  ground  assumes  special  physical  and  mechanical 
properties.  Friable  material*  assume  the  properties  of  solid  rock  after 
freezing,  and  they  usually  can  be  worked  only  after  they  have  been  broken 
up.  At  the  same  time  the  thawing  of  frozen  ground  can  lead  to  a loss  of 
bearing  capacity  as  a foundation  for  construction. 

Freezing  changes  the  thermophysical  and  other  properties  of  the 
ground  in  a fundamental  way.  Thus  its  percolation  properties  are  completely 
changed;  convective  heat  exchange  is  practically  stopped  in  all  frozen 
ground;  the  electrical  conductivity  of  the  ground  is  altered,  and  it  prac- 
tically becomes  dielectric.  When  the  ground  freezes,  moisture  is  redis- 
tributed and  a cryogenic  texture  develops  together  with  frost  fissuring, 
the  formation  of  ice  veins,  etc.  At  the  same  time  thawing  of  such  ground 
is  often  associated  with  subsidence,  solifluction  phenomena,  thermokarst, 
etc. 

The  change  in  the  physical  and  mechanical  properties  of  frozen  ground 
accompanying  thawing  varies  in  ground  of  different  texture.  In  the  case 
of  stratified  and  reticulated  texture  there  are  sharp  changes  both  in  the 
cohesion  of  the  ground  and  in  its  angle  of  internal  friction.  The  angle  of 
internal  friction  either  approximates  that  for  the  unfrozen  ground  or  becomes 
less  than  it.  As  far  as  cohesion  is  concerned,  this  will  be  significantly 
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lass  than  Chat  of  tha  same  ground  not  subject  to  freezing  and  thawing,  or  it 
will  be  close  to  zero. 


The  bearing  capacity  of  ice-saturated  loamy  sand  and  loamy  ground  is 
small  after  thawing,  and  special  steps  must  be  taken  when  structures  are 
to  be  placed  on  such  ground. 


In  the  case  of  sandy  and  gravelly  ground  the  reduction  in  bearing 
capacity  following  thawing  is  insignificant  in  comparison  with  the  un- 
frozen state.  Thawing  sandy  ground  differs  from  unfrozen  sandy  ground  in 
the  fact  that  subsidence  is  appreciably  greater  and  continues  during  the 
entire  foundation  thawing  period,  while  the  subsidence  of  unfrozen  sand 
is  practically  finished  during  the  construction  period. 


One  of  the  main  problems  in  placing  structures  on  thawing  ground 
is  that  of  its  deformation  with  thawing  and  related  problems  of  settling 
of  foundations  and  structures.  Foundations  and  structures  on  such  ground 
settle  due  to  compaction  of  the  ground  under  its  own  weight,  the  weight  of 
the  structures,  and  the  weight  of  other  external  loads. 


Another  phenomenon  related  to  the  severe  deformation  of  foundations 
is  also  typical  of  the  thawing  of  frozen  ground.  This  is  subsidence,  which 
is  the  rapid  irreversible  deformation  of  the  foundation  with  a sharp  change 
in  its  structure  and  even  with  material  being  forced  out  from  under  the 
construction.  Subsidence  of  frozen  ground  following  thawing  is  one  of  the 
principal  causes  of  deformation  and  damage  to  structures  built  on  frozen 
ground. 


The  susceptibility  to  subsidence  with  thawing  is  the  relative  com- 
pression of  the  ground  as  we  go  from  the  frozen  to  the  thawed  state  under 
a load  of  1 kg /cm2.  Ground  is  considered  susceptible  to  subsidence  when 
this  subsidence  index  falls  between  0.03  and  0.1,  while  it  is  considered  not 
subject  to  subsidence  or  highly  susceptible  when  the  index  is  less  than  or 
higher  than  these  values. 


Structural  characteristics  of  frozen  ground  determined  by  its 
cryogenic  texture  Affect  the  nature  of  deformation  of  the  ground  when  it 
thaws  and  the  total  settling  of  structures  placed  on  such  ground.  Frozen 
loamy  ground,  which  has  a high  total  moisture  content  and  a well-defined 
cryogenic  texture,  can  be  expected  to  produce  strong  and  uneven  settling 
of  a foundation.  Deformation  of  thawing  ground  occurs  mainly  as  the  result 
of  melting  of  ice  inclusions  and  change  in  the  structure  of  the  ground  due 
to  its  own  weight  and  that  of  external  loads. 


In  order  to  estimate  the  susceptibility  of  thawing  ground  to  com- 
paction and  to  calculate  the  settlement  of  structures,  various  formulas 
have  been  proposed  by  a number  of  authors.  He  give  below  a formula  sug- 
gested by  N.  A.  Tsytovich,  where  the  total  subsidence  of  the  foundation 
when  the  ground  thaws  (s,  cm)  is  considered  to  consist  of  subsidence  due 
to  thawing  itself  and  subsidence  due  to  compactioni 


S - A0h  + ahp  (2-1) 

where  AQ  is  Che  chawing  faccor  incroduced:  AQ  * AM/(l  * * );  a is  Che  com- 
paccion  coefficient,  cm2 /kg;  p is  Che  pressure,  kg/cm2;  n is  che  chickness 
of  che  compressed  layer,  cm;  A^  is  che  chawing  coefficient  and  t,  is  che 
inicial  poresicy  coefficienc. 

Ic  follows  from  formula  (2-1)  chac  subsidence  of  frozen  ground  wich 
chawing  consiscs  of  cwo  pares:  chawing  or  Chennai  subsidence  (A0h),  which 
is  noc  dependenc  on  excernal  pressure,  and  compaccion  subsidence  (ahp), 
which  is  direccly  proporcional  Co  excermal  pressure. 

2-3.  RHEOLOGICAL  PROPERTIES  OF  FROZEN  GROUND 

Frozen  ground  and  permafrosC,  as  Tsycovich  scaces  [102],  are  macerials 
in  which  seresses  and  scrains  caused  by  loading  do  noc  remain  conscanc  buC 
change  wich  che  course  of  cime. 

The  presence  of  consCiCuencs  such  as  ice  and  wacer  in  frozen  ground 
gives  ic  new  rheological  propercies;  i.e.  creep  occurs,  seresses  are  relaxed, 
and  screngeh  is  reduced. 

The  screngeh  of  frozen  ground  depends  noc  only  on  ies  cemperacure 
condicions  buc  also  on  che  duracion  of  loading.  In  concrase  to  unfrozen 
ground,  frozen  ground  cypically  shows  well-defined  rheological  propercies; 
i.e.  ic  creeps  under  conscanc  loads  and  seresses  are  relaxed  when  deforma- 
cion  remains  unchanged.  By  relaxation  here  we  mean  che  effect  expressed 
in  terms  of  che  change  wich  cime  of  stresses  in  a material  accompanying 
constant  overall  deformacion.  These  rheological  processes  in  frozen  ground 
determine  its  screngeh.  The  strength  of  frozen  ground  is  quite  high  under 
brief  loading,  but  che  strength  declines  significantly  as  loading  is  pro- 
longed . 

According  to  S.  S.  Vyalov  [36]  the  strength  of  frozen  ground  is  a 
logarithmic  function  of  duracion  of  loading,  and  che  parameters  of  che 
relationship  depend  in  cum  on  che  type  of  ground  and  ics  cemperacure. 

2-4.  PERCOLATION  PROPERTIES  OF  FROZEN  GROUND  UPON  THAWING 

The  physical,  mechanical,  and  thermophysical  propercies  of  frozen 
ground  vary  widely.  This  diversity  means  chac  che  physical  nature  and 
percolation  mechanism  of  wacer  in  such  ground  are  complex. 

The  chawing  of  frozen  dispersed  and  fissured  ground  makes  ic  permeable 
co  wacer.  Ac  che  same  cime  che  moving  water  brings  ever-increasing  amouncs 
of  heat  and  promotes  further  thawing. 

The  chawing  of  unfissured  permanently  frozen  rock  does  noc  alter  ics 
percolation  propercies,  although  heat  transport  in  such  macerials  ac  positive 
and  negative  temperatures  is  by  conduction.  Percolation  phenomena,  movement 
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of  water,  diffusion,  etc.  are  typical  of  fissured  and  unconsolidated  coarsely 
skeletal  rocky  and  dispersed  materials,  and  heat  exchange  in  them  typically 
involves  a range  of  different  forms  and  mechanisms  of  heat  transfer. 

Water  seeps  through  frozen  ground  when  communicating  pores  and  cracks 
are  present.  As  percolation  takes  place,  ice  thaws  rapidly,  and  this  in 
turn  tends  to  increase  total  porosity  and  thus  the  rate  of  percolation. 

The  percolation  properties  of  thawing  frozen  ground  are  not  con- 
stant with  time,  reaching  maximum  values  under  given  conditions  when  the 
entire  mass  of  ground  reaches  temperatures  in  the  positive  range. 

Ground  that  has  thawed  basically  retains  the  large  voids  resulting 
from  its  cryogenic  texture.  This  is  an  important  factor  in  its  percolation 
characteristics.  G.  V.  Porkhayev  [74]  found  that  when  a loam  with  a 
stratified  cryogenic  texture,  a moisture  content  of  42-49%,  and  a density 
of  1400-1500  kg/m 3 was  thawed,  the  percolation  coefficient  in  the  direction 
parallel  to  the  ice  layers  was  0.0155-0.0270  m/hr,  while  in  the  perpendicular 
direction  the  coefficients  were  0.0089-0.0096  m/hr,  and  after  the  structure 
was  disrupted  — 0.0050-0.0060  m/hr. 

According  to  the  data  of  L.  N.  Khrustalev  [96]  the  percolation 
coefficient  of  thawed  loams  with  structure  undisturbed  may  be  several 
hundreds  of  times  larger  than  after  the  structure  is  disrupted. 

The  nature  and  extent  of  change  in  the  percolation  and  other  physical 
and  mechanical  properties  of  permafrost  following  thawing  depend  on  various 
factors,  including  above  all  the  cryogenic  texture,  the  shape  and  size  of 
the  ice  inclusions,  their  direction,  the  distances  between  them,  irregulari- 
ties in  the  materials,  etc. 
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Chapter  3 

SHORT  HISTORICAL  REVIEW  OF  DAM  CONSTRUCTION 
IN  THE  FAR  NORTH  OF  THE  USSR 

The  economic  exploitation  of  permafrost  regions  lags  significantly 
behind  the  development  of  the  other  regions  of  this  country.  Hence  water- 
related  construction  in  these  regions  has  not  been  developed  as  it  should 
have  been. 

The  problem  of  building  dams  on  permafrost  arose  in  connection  with 
the  startup  of  industrial  and  agricultural  activity  as  well  as  construction 
related  to  transport  in  the  eastern  and  northeastern  regions  of  the  country. 

The  first  information  on  dam  construction  on  permafrost  dates  from 
the  end  of  the  Eighteenth  Century.  The  project  was  an  earth  dam  on  the 
Mykyrt  River  to  create  a reservoir  at  the  town  of  Petrovsk-Zabaykal* skiy 
[97].  Construction  of  this  dam,  which  was  910  m long  and  9.S  m high,  was 
completed  in  1792.  The  dam  was  constructed  of  coarse  loamy  sand  and  had  a 
wooden  spillway.  The  dam  was  built  in  the  wintertime  in  order  to  freeze  the 
body  of  the  dam  and  maintain  it  in  the  frozen  state.  This  dam  was  used 
successfully  for  about  140  years.  In  1929,  during  repair  operations  on 
the  spillway,  the  temperature  regime  at  the  base  of  the  spillway  was  dis- 
turbed) the  ground  thawed  and  seepage  started.  Subsequent  use  was  possible 
only  after  the  dam  had  been  completely  rebuilt. 

During  the  construction  of  the  Transbaykal  and  Amur  Railroads 
(1912-1916)  several  low-rise  earth  dams  were  built  to  create  small  reservoirs 
for  domestic  drinking  water  [58].  This  was  the  first  time  that  serious 
difficulties  were  encountered  due  to  the  presence  of  permafrost. 

A series  of  failures,  in  the  opinion  of  M.  Ya.  Chernyshev  [103] 

"in  most  cases  were  due  to  our  technological  ignorance." 

In  the  winter  of  1913/14  reservoirs  were  built  on  the  Amazar  River 
to  supply  water  to  the  railroad  stations  of  Mogocha  and  Amazar.  The  building 
of  temporary  dams  provided  a means  for  determining  whether  structures  of 
this  sort  could  be  built  and  operate  reliably. 
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Figure  3-1.  Temporary  dam  on  the  Amazar  River. 

1 - Rockfill;  2 - Loam;  3 - Bags  filled  with  earth;  4 - Cribwork 
loaded  with  rock;  5 - Pit  for  freezing  the  earth. 


Construction  on  the  temporary  dam  on  the  Amazar  River  to  provide 
water  for  the  Mogocha  railroad  station  was  started  in  the  middle  of  October 
and  completed  in  the  second  half  of  November.  After  construction  was  com- 
pleted and  the  reservoir  was  being  filled,  washout  holes  began  to  form  in 
the  body  of  the  earth  dam,  and  efforts  to  control  these  lasted  almost  the 

entire  month  of  November.  Water  leaks  could  be  reduced  only  after  an 

open  trench  was  cut  along  the  entire  length  of  the  dam  on  the  upstream 
side  at  the  cribwork  in  the  body  of  the  dam  in  order  to  freeze  the  earth 
(see  Figure  3-1).  This  temporary  dam  was  considered  to  be  a failure  since 
water  gradually  was  lost  from  the  reservoir. 

In  December  1913  work  was  begun  on  a permanent  fixed  dam  on  the  same 
river.  This  dam  was  finished  at  the  end  of  March  1914,  i.e.  at  the  beginning 
of  the  spring  flood.  The  dam  was  built  on  rock  covered  with  a layer  of 
alluvial  material.  Loose  sand  and  gravel  1-1.5  m thick  were  removed  and 
the  foundation  was  stripped  down  to  the  rock. 

The  height  of  the  dam  was  4.0  m and  the  head  2.5m.  The  dam  had  a 
cribwork  cutoff  filled  with  rock.  The  downstream  wedge  was  built  of  rock- 

fill,  the  upstream  side  of  clay.  This  design  was  used  with  the  idea  that 

flood  waters  would  spill  over  the  crest  of  the  dam  (see  Figure  3-2). 


Figure  3-2.  Dam  on  the  Amazar  River. 

1 - Loam;  2 - Cribwork;  3 - Abutment;  4 - Rock. 
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la  order  Co  avoid  seepage  along  the  axis  of  the  dam,  a trench  was 
dug.  But  adequate  freezing  of  the  body  and  foundation  of  the  dam  were  not 
achieved,  since  this  work  was  done  after  the  structure  was  already  in  use 
and  there  was  seepage  under  pressure  [58]. 

First  a temporary  and  then  a permanent  dam  4.5  m high  were  built  on 
the  Amazar  River  to  provide  water  for  the  Amazar  railroad  station.  Con- 
struction conditions  and  design  of  the  dam  were  the  same  as  for  the  dams 
at  the  Mogocha  station.  Wooden  cribwork  was  sunk  into  loose  alluvial 
deposits  to  a depth  of  2.9  m and  rested  directly  on  the  rock.  The  crest  of 
the  dam  was  1.6  m above  the  bottom  of  the  river. 

Temporary  and  permanent  dams  impounding  2-3  m of  water  were  built  on 
the  Urka  and  Chichatka  Rivers.  These  dams  usually  were  without  a tooth. 

The  cribwork  was  set  on  the  foundations  after  the  gravel  had  been  cleared 
away.  Seepage  losses  were  very  high. 

The  long  severe  winter,  freezing  of  the  water  in  the  river,  and  the 
formation  of  a thick  ice  cover  made  it  necessary  to  build  a reservoir  that 
was  quite  large.  At  the  same  time  the  violent  summer  floods  bringing 
large  amounts  of  sediment  and  driftwood  made  it  necessary  to  use  other  dam 
designs  — sectional  dams  and  dams  with  provision  for  overflow  throughout 
their  length. 

Figure  3-3  shows  the  cross-section  of  a dam  built  on  the  Amazar  River. 
These  dams  contain  masonry  functioning  as  a weir  over  the  entire  length 
and  girders  of  the  Poiret  type  installed  on  the  crest.  At  first  the  girders, 
itiich  were  mounted  on  hinges,  fitted  together  on  the  crest,  but  since  during 
the  passage  of  the  flood  waters  the  girders  were  torn  apart  by  floating  ice 
and  driftwood,  it  became  the  custom  to  remove  them  during  the  flood  period. 

A deficiency  of  such  dams  is  the  absence  of  a lateral  bypass,  making  it 
impossible  to  flush  out  the  reservoirs,  and  the  latter  were  rapidly  silted 
up. 
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Figure  3-3.  Dam  on  the  Mazar  River. 

1 - Poiret  girders;  2 - Shields;  3 - Wood  facing;  4 - Stone  facing; 
5 - Rock;  6 - Masonry;  7 - Concrete;  8 - Cribwork  loaded  with 
stones;  9 - Reinforced  concrete. 
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- I The  theoretical  basis  on  which  the  dams  were  built  was  not  of  a high 

'!  order.  For  this  reason  certain  specialists  felt  that  dams  made  of  local 

materials  would  be  shifted  on  the  thawed  frozen  layer  by  hydrostatic 
’ .J  pressure,  and  they  suggested  using  cribwork  supports  filled  with  stones  at 

the  base  of  such  dams  [43]. 
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The  examples  of  dam  construction  given  above  demonstrate  a definite 
interest  in  finding  a solution  for  the  problem  of  building  reservoirs  under 
unusual  conditions.  These  efforts  were  very  intense  and  bold.  Many  problems 
which  arise  even  today  in  hydraulic  construction  on  permafrost  had  already 
arisen  at  that  time.  It  should,  unfortunately,  also  be  mentioned  that  some 
of  the  errors  of  our  predecessors  are  often  repeated  these  days. 

M.  Ya.  Chemishev  stated  as  early  as  1933,  "The  opinion  has  long  been 
maintained  among  many  structural  engineers  that  permafrost  should  be  a 
desirable  base  on  which  to  build  a reservoir  regardless  of  the  geological 
structure  of  the  underlying  rock.”  And  further,  "subsequently  it  has  become 
clear  from  a number  of  observations  that  permafrost  under  a reservoir  begins 
to  degrade  rapidly  under  the  influence  of  the  warm  water  of  the  reservoir 
and  its  surface  horizon  drops  from  year  to  year.  Thus  underlying  friable 
deposits  and  bedrock  thaw  out,  and  if  the  structure  of  these  materials 
includes  fissures,  and  if  a waterproof  curtain  is  not  put  in  the  way,  bottom 
seepage  begins  to  occur"  [103]. 


As  an  example  of  the  development  of  "bottom  seepage,"  as  Chernishev 
calls  it,  i.e.  seepage  through  thawed  foundation  materials,  we  might  mention 
the  dam  on  the  Right  Magdagacha  River,  which  was  built  in  1932  (see  Figure  3-4). 
The  dam  was  built  on  tuffs  and  fragmented  porphyrites,  which  were  in  a 
permanently  frozen  state.  The  permafrost  under  the  dam  was  no  more  than 
25-30  cm  thick.  The  concrete  cutoff  in  these  rocks  was  not  sunk  deep 
enough,  and  steps  were  not  taken  to  preserve  the  foundation  materials  in 
the  frozen  state.  The  dam  operated  satisfactorily  during  the  first  year 
even  though  base  seepage  was  observed,  and  it  was  not  considered  to  pose 
any  threat.  Special  temperature  observations  on  the  materials  in  the  body 
of  the  dam  showed  that  in  the  first  year  of  operation  the  depth  of  the  zero 
isotherm  under  the  dam  varied.  The  upper  margin  of  the  permafrost  under 
the  upstream  wedge  had  receded  to  a depth  of  4 m as  a result  of  the  in- 
fluence of  the  water  in  the  reservoir,  while  under  the  downstream  wedge 
the  level  was  at  2.5  m. 


a.  SoOoc* 


Figure  3-4.  Dam  on  the  Right  Magdagacha  River. 

1 - Thawed  ground;  2 - Frozen  ground;  3 - Concrete  cutoff. 
Key:  a - Reservoir;  b - Ice. 
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As  a result  of  thawing  of  the  permafrost  in  the  base  of  the  dam, 
after  two  years  seepage  had  reached  such  a volume  that  it  threatened  to 
empty  the  reservoir  completely.  The  rate  of  seepage  reached  8,000  nr/day, 
of  which  about  5,000  m^/day  was  seepage  through  the  foundation  matefials. 
During  the  winter  the  seepage  water  was  captured  and  pumped  back  into  the 
reservoir.  Subsequently  the  fissured  materials  under  the  dam  settled 
due  to  melting  of  the  ice;  the  concrete  cutoff  broke  in  several  places; 
a crack  formed  in  the  concrete  abutment  joining  the  concrete  spillway  to 
the  earth  dam;  and  the  dam  was  destroyed  in  1935. 

A similar  thing  happened  to  another  dam.  A dam  530  m long  at  the 
crest,  9.6  m high,  and  with  a head  of  7 m was  built  in  1932  on  the  Bol'shoy 
Never  River  to  provide  a water  supply  for  the  Skovorodino  railroad  station. 
The  clay  core  of  this  dam  was  "in  a semiliquid  state."  Special  boring  into 
the  bed  of  the  reservoir  showed  degradation  of  the  permafrost,  which  under 
natural  conditions  was  about  90  m thick.  But  the  bedrock  here  (Jurassic 
deposits)  was  less  disintegrated  and  fissured  than  in  the  earlier  example. 

It  was  also  covered  with  a layer  of  silty  loam  and  there  was  no  bottom 
seepage.  But  in  the  dam  the  body,  which  was  made  of  silty  loam,  and  the 
clay  core  were  not  sufficiently  reliable.  Considerable  seepage  developed 
through  the  body  of  the  dam,  reaching  2,000  nr/day.  The  seepage  water 
was  collected  and  pumped  back  into  the  reservoir.  The  condition  of  the  dam 
became  uncertain,  and  prompt  steps  were  taken  to  assure  its  stability. 

In  1934  the  upstream  and  downstream  slopes  were  covered  with  gravelly 
earth.  A sheet-pile  cutoff  was  sunk  into  the  core  to  a depth  of  6-8  m,  and 
the  fluid  earth  behind  the  trough  was  replaced  with  loam,  which  was  placed 
dry  and  compacted.  Seepage  was  reduced  but  ground  thawing  at  the  base 
continued.  In  1936  the  zero  isotherm  had  dropped  6-18  m,  although  there  was 
no  marked  deterioration  of  seepage  conditions  in  the  foundation  nor  de- 
formation of  those  materials  [97,  103]. 

Experience  in  building  and  operating  these  dams  showed  that  fissured 
rock  permafrost,  when  it  thaws,  is  subject  not  only  to  seepage  but  also  to 
subsidence,  and  rigid  structural  elements  built  on  such  base  materials  are 
destroyed.  Beginning  in  the  period  from  1940-1950,  when  heavy  exploitation 
of  the  natural  resources  in  the  Yenisey  North,  in  Magadan  Oblast,  and  in 
the  Yakut  ASSR  started,  there  has  been  significant  development  in  the 
construction  of  dams  on  permafrost.  Several  low-pressure  dams  were  built 
in  the  Noril'sk  region  (on  Dolgiy  Creek,  Kvadratnyy  Creek,  Nalednyy  Creek, 
and  elsewhere). 

A temporary  dam  impounding  1-2  m of  water  was  built  on  the  creek 
flowing  from  Lake  Dolgoye.  Later  on  it  was  flooded  by  the  reservoir  formed 
by  a permanent  dam  with  an  ice-earth  frozen  curtain.  Use  of  this  dam  was 
possible  only  after  a number  of  important  steps  were  taken  to  stabilize  its 
temperature  regime,  its  seepage  resistance,  and  its  overall  stability. 

In  addition  to  a brine  system,  an  air  cooling  system  was  installed,  an  ice 
refrigerator  was  built  on  the  downstream  slope,  and  other  steps  were  taken. 
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Figure  3-5  shows  the  data  built  on  Kvadratnyy  Creek.  The  dam, 
which  was  built  of  thawed  ground,  failed  a month  after  the  reservoir 
was  filled.  It  was  built  on  loamy  sand  and  loams  with  a high  content  of 
ice.  The  failure  was  due  to  seepage  at  the  juncture  with  the  right  bank 
and  in  the  foundation.  The  seepage  resulted  from  thawing  of  the  ice  con- 
tained in  the  foundation  materials  and  also  evidently  from  inadequate  work- 
manship where  the  dam  joined  the  banks. 


Figure  3-5.  Dam  on  Kvadratnyy  Creek. 

1 - Sandy-gravelly  earth;  2 - Loamy  sands;  3 - Clay;  4 - Loam. 

In  reviewing  experience  in  dam  construction  during  this  period  it 
should  be  stated  that  this  stage  in  the  development  of  hydraulic  construc- 
tion in  the  Far  North,  a period  of  massive  effort  and  vigorous  growth, 
unfortunately  repeated  errors  typical  of  the  early  period  of  dam  construction 
on  permafrost  and  emphasized  the  unsuitability  of  ordinary  construction 
methods  for  building  on  permafrost.  . 

But  there  are  examples  also  of  successful  construction  and  operation 
of  dams  during  this  period.  Here  we  should  mention  the  dam  with  a head  of 
1. 5-2.0  m built  in  1942  on  Razvedochnyy  Creek  (Figure  3-6).  The  body  of  the 
dam  was  built  of  sandy  materials  and  covered  with  peat  and  a stone  facing. 
Seepage  was  blocked  by  a sheet-pile  cutoff. 


Figure  3-6.  Dam  on  Razvedochnyy  Creek. 

1 - Fine  sand;  2 - Peat;  3 - Cutoff  wall;  4 - Stone  facing. 

Another  successful  example  is  the  dam  on  the  Nalednaya  River,  which 
is  about  65  ro  long,  10  m high,  and  was  built  in  1950-1951  to  divert  the 
river  into  a new  channel  (see  Figure  3-7).  Its  planning  took  into  account 
experience  gained  in  building  and  operating  the  dam  with  the  frozen  seepage 


curtain  on  Dolgiy  Creek.  The  air  cooling  system  consisted  of  30  columns. 
Since  the  downstream  wedge  of  the  dam  will  always  be  in  the  frozen  state, 
it  was  built  by  placing  blocks  of  frozen  ground  and  pouring  water  over 
them.  The  downstream  slope  was  protected  from  the  warming  effect  of  snow 
and  direct  solar  radiation  by  a wooden  roof,  the  space  under  which  was 
ventilated  with  a special  fan.  After  two  years  of  operation  the  thawed 
zone  under  the  channel  was  frozen  and  stable  negative  temperatures  were 
established  in  the  foundation  and  the  downstream  wedge. 


Figure  3-7.  Dam  on  the  Nalednaya  River. 

1 - Loam  placed  in  the  unfrozen  state;  2 - Clay  cement  core; 

3 - Loam  placed  as  frozen  chunks;  4 - Roof;  5 - Ventilating  pipe. 

There  was  a large  amount  of  dam  construction  on  permafrost  in 
Magadan  Oblast.  Dams  were  constructed  there  on  the  Sol'veyg  (1944),  the 
Middle  El'gen  (1945),  Lake  Kedrovoye  (1943-1945),  and  the  Utinaya,  Myaundzha 
(1954),  Kamenushke  (1957),  Zharkaya,  Kadykchan,  Pevek,  and  Kazachke  Rivers, 
and  others.  Most  of  them  were  built  on  thawed  ground  except  for  the  dams 
on  the  Myaundzha  and  Pevek  Rivers. 


Two  dams  with  head  pressures  of  6-7  m were  built  in  Verkhoyansk  Rayon 
(Yakut  ASSR)  near  the  village  of  Ege-Khaya  on  the  Kumakh  River  in  1940-42. 
They  were  built  of  loamy  sand  and  loam  materials  with  wood  cutoff  walls 
(see  Figure  3-8).  Seepage  through  the  body  of  the  dam  occurred  during  the 
first  years  of  operation,  but  subsequently  the  dam  froze  and  seepage  stopped. 


Figure  3-8.  Upper  Kumakh  Dam. 

1 - Loamy  sand;  2 - Rock  full;  3 - Wall  of  wood  sheeting  (cutoff); 
4 - Inverted  filter;  5 - Stone  facing  in  grid  spaces. 


; J Since  1959  dam  building  has  grown  particularly  fast  in  western 

. Yakutia.  During  that  period  about  10  dams  have  been  installed  for  various 

purposes,  of  both  the  unfrozen  and  frozen  types.  These  include  such  unusual 
dams  with  frozen  curtains  as  the  dams  on  the  Irelyakh  and  Sytykan  Rivers. 

* During  this  period  there  was  a better  selection  of  construction  methods  and 

design  solutions,  and  the  workmanship  was  of  higher  quality. 
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Chapter  4 

CLASSIFICATION  OF  DAMS  ACCORDING  TO 
ECONOMIC  PURPOSE  AND  DESIGN 

4-1.  ECONOMIC  PURPOSE  OF  DAMS 

Dams  may  be  built  under  conditions  of  the  Far  North  to  create  reser- 
voirs for  hydroelectric  power  stations,  to  create  tailing  ponds  for 
ore-dressing  operations,  to  create  cooling  ponds  for  thermal  electric  power 
stations,  to  provide  water  supply  for  settlements  and  industrial  enter- 
prises, to  flood  dredging  works,  and  to  meet  agricultural  needs. 

In  addition  to  dams  for  impounding  water,  hydroelectric  stations 
usually  include  water  escape  structures,  intakes,  structures  to  control 
ice,  and  structures  for  other  purposes. 

Hydroelectric  power  station  dams.  In  view  of  the  hydrological  behavior 
of  rivers  under  permafrost  conditions,  where  the  river  discharge  varies 
by  factors  of  hundreds  or  thousands  during  the  year,  a reservoir  of  adequate 
capacity  must  be  provided  at  hydroelectric  stations. 

Hence  the  planning  and  building  of  dams  for  hydroelectric  power 
stations  must  meet  very  high  requirements.  Hydroelectric  power  station  dams 
already  built  and  under  construction  are  discussed  in  detail  later 
(Section  5-3). 


Dams  forthermal  electric  power  stations.  Operations  at  thermal-  electric 
power  stations  involve  the  consumption  of  considerable  quantities  of 
water. 


Only  rivers  with  lots  of  water  can  supply  the  needs  of  electric 
power  stations  during  the  low-water  season  by  "direct  flow."  Power  stations 
mainly  operate  with  a circulating  water-supply  system  using  cooling  ponds. 
This  system  is  better  from  the  engineering  and  economic  point  of  view  than 
the  use  of  cooling  towers  and  spray  tanks. 


The  use  of  cooling  ponds  provides  a 
water  at  consistently  low  temperatures  and 
reservoir  for  other  water-supply  purposes. 


power  station  with  circulating  i 

also  permits  multiple  use  of  the 
The  dams  for  such  reservoirs 
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are  classed  as  major  Class  I structures  on  the  basis  of  capital  investment 


and  importance. 

The  water  of  cooling  reservoirs  may  reach  a temperature  that  is 
quite  high,  and  temperature  conditions  in  the  dams  and  their  foundations 
may  become  very  stressed.  Under  these  conditions  dams  with  a frozen 


curtain  are  most  applicable,  since  they  provide  stable  temperature  conditions 
in  the  dam  itself  and  in  the  foundation. 

Dams  of  this  sort  were  built  for  the  cooling  reservoirs  of  the 
Arkagalinskaya  Thermal  Electric  Power  Station  on  the  Myaundzha  River,  for 
the  Noril'sk  Thermal  Electric  Power  Station  (on  Lake  DolgOye),  etc. 


Tailing  pond  dams  for  ore-dressing  of  plants.  The  wet  method  of 
concentration  is  ordinarily  used  in  processing  ores  at  ore-dressing  plants, 
so  that  the  tails  come  out  as  slurries  and  are  conveyed  to  the  storage  site 
(tailing  pond)  through  pipes.  Tailing  ponds  are  usually  built  in  river 
valleys  by  cutting  them  off  with  dams  or  surrounding  natural  depressions 
with  dikes.  The  solid  particles  settle  out  of  the  slurry  in  tailing  ponds, 
and  the  clarified  water  is  discarded  or  used  again. 

The  construction  of  tailing  facilities  involves  substantial  investment, 
especially  to  build  the  hydraulic  structures.  Special  techniques  are  used 
in  permafrost  regions  for  building  and  operating  dams  for  tailing  ponds. 

In  building  dams  for  tailing  ponds  in  the  valleys  of  watercourses 
one  must  deal  with  the  need  to  accommodate  flood  waters,  since  the  catchment 
area  involved  is  frequently  large  and  the  flood  discharges  greatly  exceed 
the  amount  of  clarified  water  discharged. 

Drain  structures  associated  with  tailing  pond  dams  usually  are  built 
as  open  drainage  canals  and  trenches,  siphon  or  shaft  spillways  with  col- 
lector drains. 

The  requirements  to  be  met  by  tailing  ponds  as  engineered  structures 
are  quite  high.  Damage  to  these  facilities,  especially  when  the  water  is 
reused,  would  interfere  in  a major  way  with  the  operation  of  ore-dressing 
plants,  and  therefore  very  careful  attention  should  be  given  to  the  engineering 
geology  and  frozen  ground  conditions  of  the  dam  foundation.  Sites  should 
be  selected  where  the  basement  materials  when  thawed  are  relatively  imperme- 
able and  not  much  subject  to  deformation. 

Tailing  ponds  usually  are  built  in  two  stages:  the  first  stage  con- 
sists of  the  pioneer  or  starter  dam  built  of  fill  or  alluvial  materials, 
and  the  second  stage,  the  alluvial  buildup  of  the  dam  from  tailings  as  the 
pond  is  used  (see  Figure  4-1). 


The  height  of  the  starter  dam  is  determined  by  the  need  to  create  a 
pond  with  the  volume  necessary  for  clarifying  the  slurry  during  the  early 
period  of  operation,  taking  into  account  the  quantity  of  tailings  deposited. 
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,'t  A special  characteristic  of  the  function  of  the  starter  dams  is  that 

"I  when  the  pond  is  filled  with  tailings  they  act  as  a supporting  prism  for 

the  second-stage  siltation  dam  of  the  pond,  which  is  several  times  as  high 
' as  the  starter  dam  (Figure  4-2).  It  is  also  a drainage  prism. 


Figure  4-2.  Second-stage  dam  of  a tailing  pond  on  N’yukka  Creek.  m 
1 - Starter  dam,  built  dry;  2 - Body  of  the  dam  built  up  by 
settlement  of  tailings;  3 - Curve  of  depression;  4 - Drainage. 


I 

i 


Under  ordinary  conditions  the  best  way  to  build  the  first-stage 
dam  is  with  rock  fill  and  to  build  an  inverted  filter  on  the  upper  slope 
to  prevent  piping. 

But  this  design  does  not  permit  the  dam  to  be  used  directly  as  a 
water-retaining  structure.  The  pond  can  be  filled  with  water  only  after 
a blanket  seal  of  tailings  is  installed  on  the  upper  slope.  Unfortunately 
the  pond  must  sometimes  begin  operation  before  filling  with  tailings 
starts.  It  often  happens  that  starter  dams  in  the  first  stage  are  used 
as  impounding  structures  to  create  the  pond. 

But  a starter  dam  is  not  suitable  for  use  as  a drainage  prism  in 
the  second  stage  when  building  tailing  ponds  under  the  severe  climatic 
conditions  of  the  Far  North. 

During  the  winter  the  lower  slope  and  the  crest  of  the  dam  freeze 
to  a depth  of  4-5  m and  its  use  as  a drainage  prism  would  lead  to  the  forma- 
tion of  a stratified  zone  of  earth  and  ice  with  in  it,  against  which  the 
entire  hydrostatic  pressure  would  be  applied. 

Moreover,  one  cannot  be  suife  of  the  static  strength  of  the  body  of 
a drainage  (supporting)  prism  which  is  saturated  with  water  and  ice  and 
is  loaded  by  the  alluvial  part  of  the  second-stage  dam.  We  know  that  the 
mechanical  properties  of  the  tailings  differ  from  those  of  natural  earth,  and 
in  a tailing  pond  this  material  is  always  in  a state  of  supersaturation, 
and  sometimes  suspension. 

These  circumstances  are  responsible  for  the  special  methods  used 
to  build  starter  dams  for  tailing  ponds  in  the  Far  North. 
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Starter  dams  are  usually  built  as  unfrozen  dams  where  the  foundation 
is  allowed  to  thaw  during  operation  but  special  steps  are  taken  to  prevent 
loss  of  bearing  capacity.  The  impermeable  component  of  a starter  dam  may 
be  a seal  with  or  without  an  apron,  while  the  supporting  prism  is  built 
of  permeable  earth. 

The  drainage  structures  of  the  starter  dam  should  be  buried  in  the 
body  of  the  dam,  and,  in  the  freezing  zone  of  the  lower  slope,  in  heated 
ditch  galleries. 

When  starter  dams  are  built  as  no-seepage  dams,  a curved  depression 
naturally  appears  with  alluvial  buildup  of  the  second  stage  of  the  pond 
above  the  crest  of  the  starter  dam.  In  these  cases  the  builder  should 
provide  for  buried  pipe  drains  at  the  level  of  the  starter  dam  crest.  Such 
drainage  may  consist  of  inverted  filter  layers  and  rock  fill  or  perforated 
pipe  installed  in  the  drainage  prism. 

Dams  for  placer  dredging.  The  dredging  method  of  working  placer 
deposits  of  minerals  is  very  widespread.  Earth  dams  with  wooden  by-wash 
structures  are  mainly  used  to  flood  the  area  being  worked,  but  one  can  also 
build  rock  fill  dams  with  appropriate  elements  to  reduce  seepage. 

In  the  Far  North  flooding  placer  works  extends  the  mining  season, 
prevents  the  deposits  from  freezing  in  the  winter,  promotes  thawing  of  frozen 
materials  containing  the  placer  minerals,  and  makes  them  easier  to  work. 

Building  dams  for  dredging  operations  differs  little  from  building 
dams  for  other  purposes.  The  dams  are  built  4-6  m high,  depending  on  the 
level  of  flooding  required,  and  5 m wide  at  the  top,  with  slopes  of  1:3 
and  1:2. 

* 

The  period  of  service  of  dams  for  dredging  operations  is  usually  short. 
The  demands  placed  on  them  are  not  great,  and  therefore  they  can  be  grouped 
with  those  at  the  bottom  in  terms  of  capital  investment. 

We  might  cite  as  an  example  a cascade  of  five  earth  dams  built  to 
work  deposits  on  the  Irelyakh  River  (see  Figure  4-3).  Some  of  the  dams  ware 
used  only  a few  months,  while  others  have  been  in  operation  several  years. 
These  dams  impound  2.2-4. 5 m of  water.  The  dams  were  built  of  diluvial 
loams.  They  were  spaced  1.5-4  km  apart.  The  lower  dam  had  a wooden  crib- 
work  spillway  with  panel  gates  which  were  removed  to  pass  flood  waters 
reaching  35  nr/sec  (Figure  4-4),  while  the  other  dams  had  lateral  spillways 
to  carry  off  the  spring  flood  and  siphon  spillways  for  use  during  dredging 


River.  1 — Layer  containing  placer  minerals  worked  by  flooding; 
2 - Cascade  dams. 
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Dams  for  reservoirs  to  supply  water  for  drinking  and  industrial 
purposes.  In  permafrost  regions  water  can  be  impounded  from  natural 
sources  for  water  supply  only  from  large  rivers  which  do  not  freeze  up  in 
the  winter  and  have  a sufficient  year-round  discharge  or  from  deep  lakes 
which  do  not  freeze  up. 

When  most  rivers  and  streams  cannot  be  used  for  water  supply  because 
they  freeze,  the  problem  of  industrial  and  drinking  water  supply  usually 
is  solved  by  building  dams  and  creating  large  reservoirs,  where  spring 
flood  waters  are  accumulated  for  subsequent  use  in  fall  and  winter.  The 
dams  may  be  either  of  the  frozen  or  unfrozen  type. 

Dams  for  agricultural  purposes.  Some  areas  in  the  permafrost  zone 
have  very  continental  and  dry  climates.  Little  precipitation  falls;  the 
rivers  freeze  almost  completely  in  the  winter,  and  most  small  rivers  dry 
up  in  summer,  since  practically  none  of  their  flow  comes  from  the  ground 
water.  With  the  arrival  of  spring  thaws,  most  of  the  snow  water  runs  off 
on  the  frozen  soil.  Hence  water  for  agriculture  and  other  purposes  must 
be  drawn  from  the  surface  meltwater  runoff  in  the  spring. 

In  1959  there  were  about  300  dams  in  Yakutia:  mainly  fixed  earth  or 
wood  dams  [47]. 

Since  until  recently  construction  of  such  dams  had  not  received 
adequate  attention,,  they  were  frequently  destroyed  by  floods  because  they 
were  built  without  appropriate  water  escape  structures  and  the  workmanship 
was  poor. 

An  example  of  proper  design  and  construction  is  the  dam  on  the  Suola 
River  in  the  Yakut  ASSR  (see  Figure  4-5)  [84], 

4-2.  TYPES  OF  DAMS 

Dams  built  of  local  materials  — earth  dams,  rock-earth  dams,  rock 
fill  dams,  and  wood  dams  — are  most  widely  used  in  the  North,  a practice 
which  is  based  on  their  advantages  over  other  types  of  dams. 

In  recent  years  it  has  been  shown  that  dams  can  be  built  of  natural 
materials  under  practically  any  climatic,  geological,  and  frozen-ground 
conditions  [4].  Any  materials  available  at  the  construction  site  are 
actually  suitable  for  building  such  dams. 

The  body  of  the  dam  is  built  using  standard  methods,  and  mechanized 
techniques  are  used  to  dig  the  materials,  transport  them,  and  place  them. 

Hence  the  construction  of  dams  from  local  materials  is  usually  less  costly 
than  building  dams  of  other  types  of  materials. 

In  addition  to  the  advantages  mentioned  for  dams  made  of  local  materials 
(except  wood  dams)  there  are  others,  namely:  the  material  used  in  the  body 
of  such  dams  does  not  lose  its  characteristics  with  time,  the  strength  of  the 
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structure  even  increasing;  and  such  dams  rarely  require  repair  during  use. 

' Foundation  quality  requirements  for  dams  built  of  local  materials  are  less 

strict  than  for  concrete  dams.  Also,  dams  made  of  local  materials  can  be 
made  higher  when  necessary  without  draining  the  reservoir. 
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Figure  4-5.  Dam  for  agricultural  purposes  on  the  Suola  River, 
a - Cross-section  through  spillway;  b - Shore  dam;  1 - Spillway; 

2 - Tooth;  3 - Drainage;  4 - Apron;  5 - Loam;  6 - Stone  facing; 

7 - Pilings;  8 - Earth  fill;  9 - Lens  of  frozen  ground;  10  - Perma 
frost  boundary;  11  - Loamy  sand;  12  - Sand;  13  - Gravel  fill 
stabilization. 

Keyt  x - WL;  y - NHL. 


A drawback  of  dams  built  of  local  materials  is  the  impossibility  of 
discharging  flood  waters  directly  through  the  dam.  This  must  be  done  with 
water  escape  structures  usually  outside  the  body  of  the  dam.  Some  ex- 
perience has  been  gained  recently  in:  passing  floodwaters  across  the  crest 
of  the  dams.  Thus,  during  construction  of  the  Khantayka  Hydroelectric 
Power  Station  in  1968  and  1969,  spring  floods  were  successfully  allowed 
to  pass  across  the  incomplete  rock  fill  dam  after  extra  steps  were  taken  to 
stabilize  the  lower  slope.  Rates  of  discharge  reached  4200  and  6700  mJ/sec 
[76,  77].  Spring  floodwaters  and  ice  were  also  spilled  across  a temporary 
dam  7.5  m high  on  the  Sytykan  River  in  Yakutia  in  1971  and  1972. 
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a)  Earth  Dams 

Earth  dams,  of  course,  are  classified  both  according  to  height  and 
according  to  method  of  construction,  cross-sectional  design,  method  of 
seepage  prevention,  and  capital  class. 

Dams  are  classified  according  to  freight  into  high  dams  (with  maximum 
head  of  more  than  SO  m),  medium  dams  (with  heads  of  15-50  m),  and  low  dams 
(with  a head  of  less  than  15  m). 

Dams  are  subdivided  according  to  method  of  placement,  into  fill  dams, 
which  in  turn  may  be  built  by  placing  the  earth  dry  or  tipping  it  into  the 
water,  and  hydraulic  fill  dams,  which  are  built  up  using  hydraulic  techniques. 

The  type  and  design  of  a dam  are  chosen  on  the  basis  of  engineering 
and  economic  comparison  of  various  alternatives,  which  differ  from  one 
another  in  the  method  of  using  material,  frozen-ground  conditions,  the  method 
of  construction,  etc. 

Earth  fill  dams  built  dry.  Earth  dams  built  in  the  Far  North  are 
subdivided  into  the  following  types  according  to  cross-sectional  design 
(Figure  4-6) » 

1)  dams  built  of  homogeneous  material  (Figure  4-6,  a); 

2)  dams  of  more  than  one  material,  the  materials  placed  in  gradually 
increasing  order  of  permeability  to  water  from  the  upper  pool  to  the  lower 
(Figure  4-6,  b)} 

3)  dams  with  a blanket  seal  of  relatively  impermeable  materials. 

The  supporting  prism  of  such  dams  is  usually  built  of  homogeneous  material 
with  a high  percolation  coefficient  (Figure  4-6,  c); 

4)  dams  with  a core  of  relatively  impermeable  materials  (Figure  4-6,  d) 
This  type  of  dam  is  susally  used  when  the  basic  dam  construction  material 

is  quite  permeable  — rock,  gravel,  etc.; 

5)  dams  with  a solid  cutoff  wall  (Figure  4-6,  e). 

It  should  be  noted,  however,  that  this  breakdown  of  dams  according 
to  type  of  construction  is  valid,  when  built  on  permafrost,  only  for  the 
so-called  unfrozen  dams,  which  are  built  practically  without  regard  for 
temperature  conditions  in  the  foundation  and  the  body  of  the  dam.  Only 
two  types  of  dam  design  are  distinguished  in  the  building  of  frozen  dams, 
namely  types  & and  <i  in  Figure  4-6,  since  in  these  dams  the  antiseepage 
element  is  the  frozen  ice-earth  curtain  created  by  artificial  freezing  of 
the  ground  (see  Section  5-6). 
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Figure  4-6.  Types  of  earth  dams. 

a - Made  of  homogeneous  material;  b - Made  of  more  than  one 
material;  c - With  a blanket  seal;  d - With  a core;  e - With 
a cutoff  wall. 

Key:  x - LPL;  y - NHL. 

Dams  with  a rigid  blanket  seal  are  not  found  in  the  Far  North,  but 
there  are  examples  of  temporary  dams  with  a seal  made  of  polyethylene 
film. 


Dams  with  a solid  cutoff  wall  are  built  quite  frequently  under  the 
conditions  of  the  Far  North  [8]. 

One  of  the  types  of  antiseepage  structures  in  the  body  of  earth  and 
rock  fill  dams  recommended  recently  [l]  is  the  injection  core,  which  is 
made  by  injecting  a hydraulic  cement  solution  under  pressure  through  holes 
(see  Figure  4-7).  The  supporting  prisms  of  such  dams  can  be  built  up  of  any 
material,  including  rock,  but  the  central  portion  intended  for  injection 
should  be  built  of  sandy-gravelly  or  gravelly  materials.  The  injection 
core  of  a dam  is  joined  to  a rock  base  or  alluvial  deposits  in  the  founda- 
tion by  cement  injection  also.  The  injection  core  can  be  built  up  layer  by 
layer  as  the  lateral  prisms  are  built. 

There  is  no  question  concerning  the  use  of  such  a core  in  the 
construction  of  unfrozen  dams  on  permafrost.  If  there  is  not  enough 
cohesive  soil  (loam  and  loamy  sand)  in  the  construction  area  for  use  in  the 
core  of  dams  built  by  the  frozen  method,  we  feel  it  is  also  possible  to 
build  a frozen  curtain  in  the  body  of  the  dam  by  freezing  an  injection  core 
made  of  sandy-gravelly  materials.  It  stands  to  reason  that  a reliable 
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frozen  curtain  can  be  created  in  this  case  if  care  is  taken  to  see  that 
the  injection  core  is  properly  built.  This  can  be  achieved  by  building  the 
injection  core  in  layers  as  the  dam  is  constructed  and  by  assuring  very 
careful  grouting  of  the  contact  zone  between  the  sand-gravel  fill  and  the 
foundation  material.  In  spite  of  the  apparent  complexity  of  such  designs , 
they  can  be  more  economical  than  freezing  cores  of  traditional  materials 
(loam  and  loamy  sand).  It  should  be  kept  in  mind,  however,  that  in  the 
Far  North  materials  suitable  for  use  in  the  core  of  a dam  are  found  in  a 
thin  surface  layer,  are  permanently  frozen,  and  they  sometimes  contain  as 
much  as  85Z  ice.  After  they  have  thawed  during  the  short  summer  season  to 
a shallow  depth,  the  materials  in  the  borrow  pits  are  in  a fluid  state, 
and  it  is  impossible  to  work  them  and  place  them  into  the  dam  without 
first  drying  them  somewhat.  At  the  same  time,  sandy-gravelly  materials  are 
quite  widespread. 


Figure  4-7.  Dam  with  an  injection  core. 

1 - Injection  core;  2 - Lateral  prisms;  3,  4 - Toe 
6 - Sand-gravel  mixture;  7 - Alluvium;  8 - Rock;  9 
10  - Grout  curtain  in  the  rock. 

Key*  x - LPL;  y - NHL. 


5 - Sand; 

Area  grouting 
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Figure  4-8.  Types  of  attachment  of  earth  dams  to  the  foundation, 
a - Dam  with  apron  and  blanket  seal;  b - Dam  with  tooth  and  blanket 
seal;  c - Dam  with  tooth  and  core;  d - Dam  with  frozen  curtain; 
e - Dam  with  cutoff  wall. 


Dams  are  divided  into  the  following  types  according  to  the  design 
of  antiseepage  structures  in  the  foundation,  which  depend  on  the  particular 
engineering  geology  and  frozen-ground  conditions  (see  Figure  4-8): 

1)  dams  with  a blanket  seal  and  apron  made  of  relatively  impermeable 
materials  (Figure  4-8,  a).  The  water-permeable  layer  in  the  foundation 
(usually  quite  thick)  is  not  cut  by  the  antiseepage  elements,  so  that  seepage 
is  permitted  in  the  foundation  of  the  dam.  With  this  subgrade  outline  the 
depression  curve  in  the  body  of  the  dam  is  reduced  and  percolation  losses 
are  not  as  large.  Such  dams  are  used  when  the  body  is  built  of  permeable 
materials  and  the  foundation  consists  of  sandy'or  gravelly  materials  which 
are  relatively  thick; 

2)  dams  built  on  a foundation  consisting  of  a relatively  thin  layer 
of  materials  which  are  permeable  when  thawed  but  which  are  cut  by  a tooth 
made  of  relatively  impermeable  material  (Figure  4-ST,  b and  c).  If  the  body 
of  the  dam  is  built  of  permeable  materials,  then  a core  or  blanket  seal  is 
built  and  the  tooth  is  a continuation  of  it; 

3)  dams  with  a frozen  curtain  (Figure  4-8,  d);  and 

4)  dams  built  on  a foundation  which  contains  a layer  that  is  permeable 

to  water  when  it  thaws  and  which  is  cut  by  a solid  cutoff  wall  (for  example, 
metal  sheeting)  (Figure  4-8,  e).  These  dams  are  used  when  the  thickness  of 
the  water-permeable  layer  is  limited  and  construction  conditions  permit  it 

to  be  cut.  In  this  case  the  body  of  the  dam  may  be  built  of  uniform  material 

with  a core,  apron,  or  cutoff  wall. 

According  to  SNiP  II-A.3-62  all  water-engineering  structures  are 
divided  into  four  capital  classes  depending  on  the  conditions  under  which 
they  are  used.  The  capital  class  of  dams  built  of  local  materials  depends 
on  the  maximum  head  and  the  foundation  materials  (see  Table  4-1). 

Table  4-1. 


Capital  Class  of  Structures  Depending  on  Head. 


Capital  class 
of  structures 

Head,  m 

Foundation  material 

Rock 

Not  rock 

I 

More  than  100 

More  than  50 

II 

50-100 

25-50 

III 

20-50 

15-25 

IV 

20  or  less 

15  or  less 

Requirements  as  to  strength,  stability,  useful  life,  etc.  depend  on 
the  capital  class  of  the  structure. 
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Hydraulic  fill  earth  dams.  Both  hydraulic  fill  and  semihydraulic 
fill  methods  are  used  to  build  dams  in  the  Far  North.  The  hydraulic  fill 
method  is  widely  used  to  build  dams  for  mine  tailing  ponds.  In  this  case 
dams  up  to  50  m high  or  more  are  built  by  hydraulic  filling  from  one  side 
where  there  is  a starter  dam,  which  is  usually  built  dry. 

There  are  no  hydraulic  fill  dams  in  the  Far  North  of  the  USSR,  but 
such  dams  exist  abroad:  for  example,  the  Hess  Creek  Dam  in  Alaska  64  km  from 
the  Arctic  Circle  built  in  1940-46  to  provide  flooding  for  dredging  of 
placer  deposits.  The  dam  is  25.5  m high  with  a volume  of  about  370,000  m3 
and  impounds  a reservoir  of  9,240,000  nr.  The  dam  is  508  m long  at  the  crest, 
4.8  m wide  at  the  top,  and  about  103  m wide  at  the  base.  The  slopes  are 
2.5:1  at  the  base  and  1.3:1  at  the  crest.  The  upper  part  of  the  dam  for  a 
height  of  8 m was  built  dry  in  rolled  layers.  The  core  of  the  dam,  built 
by  hydraulic  fill  with  fine  material,  constitutes  from  1/6  to  1/10  of  the 
width  of  the  dam.  This  core  is  connected  to  the  base  by  metal  sheeting 
6 m high,  which  was  buried  3.9  m deep  into  the  foundation  of  the  dam.  The 
damsite  was  covered  with  alluvial  deposits  averaging  6 m in  thickness  and 
with  a maximum  thickness  of  12  m.  These  were  heavily  permeated  with  ice 
and  contained  large  ice  lenses.  In  preparing  the  foundation  these  materials 
were  completely  removed  to  bedrock.  Construction  operations  for  this  dam 
are  of  great  interest  and  are  discussed  below  (see  Section  6-2). 

b)  Rock  Fill  Dams 

In  the  Far  North,  where  rocky  ground  is  widespread,  there  is  every 
reason,  including  an  economic  reason,  for  building  rock  fill  dams.  Examples 
of  such  dams  are  the  completed  Vilyuy  and  Khantayka  Hydroelectric  Power 
Station  dams,  the  dams  on  the  Oyuur-Yurege  and  Sytykan  Rivers,  the  dam  for 
the  Kolyma  Hydroelectric  Power  Station,  which  is  still  under  construction, 
etc. 

f 

Rock  fill  dams  are  usually  built  as  fixed  dams  without  provision  for 
spilling  water  over  the  crest.  Bypass  structures  are  built  to  carry  spring 
floods  around  the  dam.  But  cases  exist  in  which  low-head  dams  have  been 
built  to  spill  water  over  the  crest.  In  these  cases  the  downstream  slope 
and  crest  are  appropriately  stabilized.  But  in  the  Far  North,  where  one 
must  always  be  concerned  with  temperature  conditions  in  the  body  and  the 
foundation  of  the  dam,  dams  permitting  water  to  spill  over  the  crest  when 
they  are  in  use  can  be  built  only  in  particular  cases,  for  example,  when 
there  is  a firm  rock  foundation,  the  dam  is  of  the  unfrozen  type,  and  the 
specific  discharge  of  water  is  low. 

The  principal  advantages  of  building  rock  fill  dams  are  that  they 
use  local  materials,  they  are  of  simple  design,  they  can  be  built  throughout 
the  year  with  highly  mechanized  methods,  the  height  of  the  dam  can  be 
increased,  and  foundation  requirements  for  these  dams  are  less  strict  than 
for  concrete  dams. 

Among  the  drawbacks  of  this  type  of  dam  we  can  mention  that  settlement 
is  significant  and  this  must  be  taken  into  account  when  antiseepage  elements 
are  built. 
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The  body  of  the  dam  or  its  supporting  prism  is  built  of  rock  fill 
containing  broken  stone,  massive  rock,  gravel,  shingle,  or  boulder  material, 
etc.  Rock  fill  dams  are  subdivided  into  two  basic  types  depending  on  the 
design  of  the  antiseepage  structures  — dams  with  a core  or  with  a blanket 
seal  (see  Figure  4-6,  c and  d). 

c)  Earth-Rock  Dats 

Earth-rock  dams  are  built  when  there  is  an  insufficient  supply  of 
either  material  locally  to  build  the  entire  dam  of  one  material.  There  may 
be  several  designs  used  in  building  earth-rock  dams. 

In  these  dams  the  downstream  wedge  is  built  of  rock  fill,  and  the 
upstream  wedge  of  loamy  sand,  loam,  and  other  cohesive  soils,  to  act  as  an 
antiseepage  element  (see  Figure  4-6,  b). 

Earth-rock  dams'  can  be  built  so  that  the  external  prisms  consist  of 
rocky  materials  and  the  central  part  of  the  dam  body?  which  is  an  expanded 
core,  is  built  of  less  permeable  cohesive  or  noncohesive  materials.  This 
construction  may  also  be  desirable  when  there  are  adequate  amounts  of  cohesive 
and  rocky  materials  available  from  excavations  for  other  parts  of  the 
installation.  The  upstream  and  downstream  wedges  can  be  built  of  several 
types  of  materials.  For  example,  the  Summersville  Dam  (Figure  4-9)  was 
built  of  various  types  of  materials.  Zone  1-2  is  practically  an  expanded 
core. 


1 - Clay;  2 - Loamy  sand;  3 - Transition  zones;  4 - Rock  fill 
up  to  25  cm;  5 - Rock  fill  up  to  45  cm;  6 - Rock  fill  up  to  60  cm; 

7 - Stabilization  with  large  stones;  8 - Grout  curtain;  9 - Rock. 

An  advantage  of  this  type  of  dam,  as  far  as  construction  methods  are 
concerned,  is  that  it  permits  work  to  proceed  on  individual  components  of 
the  dam  independently  of  one  another.  Specifically,  the  rock  fill  part  of 
the  dam  can  be  built  at  any  time  of  the  year,  even  in  winter,  while  the 
upstream  wedge  is  built  of  soft  materials  during  the  favorable  warm  season. 
The  dam  on  the  Oyuur-Yurege  River  can  be  cited  as  an  example  of  this  type. 

d)  Wooden  Dams 

The  building  of  wooden  dams  is  favored  by  their  relative  cheapness, 
especially  in  regions  where  wood  is  a local  construction  material,  their  low 


sensitivity  to  temperature  fluctuations,  and  the  fact  that  they  can  be  built 
rapidly  at  any  time  of  the  year.  The  disadvantages  of  wood  dams  such  as 
susceptibility  to  rotting  is  less  important  in  the  Far  North  than  in  a warm 
climate,  since  the  annual  recurrence  of  long  periods  of  cold  temperatures 
is  not  a favorable  situation  for  the  growth  of  fungi  which  attack1  wood. 

The  service  life  of  wood  can  be  prolonged  also  by  treatment  with  preserva- 
tives. 

Spillways  and  abutments  for  dams  built  on  permafrost  are  usually 
made  of  cribwork.  Box  compartments  are  loaded  with  earth,  which  stabilizes 
them  and  makes  it  possible  for  them  to  withstand  horizontal  forces.  The 
foundation  for  cribwork  spillways  may  be  either  rocky  or  nonrocky  permafrost 
or  thawed  ground. 

Wooden  dams  may  be  either  fixed  or  contain  spillways,  but  usually 
they  are  built  with  spillway  openings. 

The  floor  of  the  downstream  apron  may  be  built  of  timbers  and 
concrete  (see  Figure  4-10).  The  space  below  the  floor  of  a spillway  is 
packed  with  loam  laid  in  layers  and  carefully  compacted  to  keep  out  water. 

But  no  matter  how  carefully  the  packing  is  done,  some  space  always  remains 
between  the  floor  and  the  earth;  it  is  not  watertight.  Water  seeps  into 
this  space,  the  foundation  materials  thaw,  temperature  conditions  are  altered, 
and  the  structure  is  deformed.  The  loam  used  for  loading  may  also  be 
washed  out  of  the  spillway  compartments. 

By  way  of  example,  a wooden  dam  built  near  the  mouth  of  the  Irelyakh 
River  to  flood  dredging  works  is  shown  in  Figure  4-10.  Quaternary  deposits 
up  to  5 m thick,  consisting  of  loams  containing  30-35%  gravel,  form  the 
surface  layer  of  the  foundation.  Below  this  layer  there  are  alluvial  fine- 
grained muddy  sands  containing  plant  residues.  The  bedrock  consists  of 
partly  consolidated  marls  interstratif led  with  thin  sheets  of  limestone. 

The  dam  was  built  with  a cribwork  sluiceway  and  abutments.  The 
sluiceway  is  20  m wide.  A gating  structure  was  built  in  the  sluiceway 
consisting  of  braced  panels  and  movable  support  frames  impounding  a head  of 
2.0  m of  water.  The  movable  frames  are  folded  against  the  sluiceway  to  pass 
ice  and  spring  floods.  The  cells  of  the  cribwork  are  filled  with  loam  up 
to  the  level  of  the  floor  of  the  apron,  and  with  a sand-gravel  mixture  above 
that  level.  The  floor  of  the  sluiceway  in  the  area  of  the  apron  is  made  of 
concrete  and  then  covered  with  squared  timbers.  The  cribwork  was  built  of 
logs  and  the  grooves  were  packed  with  fiber.  To  assure  watertightness  and 
prevent  seepage  through  the  sbutment,  as  the  compartments  were  filled  with 
the  sand-gravel  material  the  openings  were  also  faced  with  planks. 

The  dam  was  built  in  the  winter.  Because  there  was  no  unfrozen  loam  available, 
the  tooth  of  the  apron  and  the  floor  of  the  sluiceway  were  made  of  "cold* 
concrete. 
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Chapter  S 

BASIC  PRINCIPLES  OF  DAM  CONSTRUCTION 
ACCORDING  TO  TEMPERATURE  REGIME 

5-1.  CLASSIFICATION  OF  DAMS  ACCORDING  TO  TEMPERATURE  REGIME 

Experience  with  the  construction  and  operation  of  dams  on  permafrost 
both  in  our  country  and  abroad  has  shown  that  the  basic  principles  for 
building  them  have  now  been  clearly  delineated.  These  principles  are  based 
on  temperature  conditions  in  the  structures  during  construction  and  operation. 
We  have  primarily  the  frozen  and  unfrozen  methods  of  construction,  which 
are  governed  by  the  processes  of  heat  and  mass  exchange  that  take  place 
between  the  dam,  its  foundation,  and  the  environment. 

Dams  built  on  an  unfrozen  basis,  which  are  called  unfrozen  dams 
for  brevity,  allow  thawing  of  the  permafrost  in  the  foundation  and  thawing 
of  the  dam  body  during  use,  whether  they  are  built  of  unfrozen  materials  or 
of  materials  which  were  thawed  but  freeze  during  the  course  of  the  work. 

Such  dams  are  made  impermeable  to  water  by  appropriate  antiseepage  components 
(core,  blanket  seal,  or  cutoff  wall),  seepage  being  allowed  within  design 
limits. 

According  to  VSN-08-65  unfrozen  dams  are  recommended  for  rocky  ground 
or  nonrocky  ground  where  the  degree  of  subsidence  is  less  than  0.05  and 
there  are  no  layers  of  ice. 

When  dams  are  built  on  a frozen  basis  (dams  which  are  called  frozen 
dams  for  short),  they  are  made  impermeable  to  water  by  freezing  the  founda- 
tion ground  and  the  body  of  the  dam.  During  operation  of  these  dams  thawing 
of  the  frozen  ground  within  the  core,  thawing  of  the  downstream  wedge  of 
the  dam  and  of  the  foundation  beneath  them  as  well  as  seepage  are  not  per- 
mitted. 

Unfrozen  and  frozen  dams  can  be  built  from  both  unfrozen  and  frozen 
materials. 


According  to  VSN-08-65,  frozen  dams  are  recommended  for  construction 
on  nonrocky  ground  where  the  degree  of  subsidence  is  more  than  0.05. 


54 


5-2.  UNFROZEN  DAMS 


Construction  of  unfrozen  dams  on  a permafrost  foundation  where 
thawing  of  the  foundation  is  permitted  during  operation  is  quite  widespread. 

Dams  allowing  thawing  of  the  permafrost  foundation  can  be  built  when 
deformation  of  the  foundation  due  to  thawing  does  not  result  in  a loss  of 
structural  stability.  This  is  true  where  the  ground  in  the  foundation  does 
not  contain  much  ice  and  its  subsidence  after  thawing  does  not  threaten  the 
stability  of  the  dam,  as  well  as  where  frozen  ground  containing  ice  remaining 
in  the  foundation  is  thin  and  relatively  incompressible  or  where  rock  lies 
close  to  the  surface  in  the  foundation. 

In  assessing  the  possibility  of  building  a dam  of  this  type,  one 
should  take  into  account  water-management  problems,  i.e.  possible  losses 
of  water  from  the  reservoir  and  through  seepage.  In  the  Far  North,  where 
water-management  problems  are  solved  mainly  through  regulation  of  spring  floods 
and  surface  runoff,  even  slight  losses  of  water  from  a reservoir  through 
seepage  frequently  cannot  be  tolerated. 

In  the  case  of  unfrozen  dams  (where  thawing  of  the  foundation  is 
permitted  during  operation),  seepage  losses  usually  are  unavoidable  and  are 
quite  large.  Therefore  steps  are  taken  to  capture  and  return  the  seepage 
flow  to  the  reservoir  or  to  deliver  it  directly  to  the  consumers. 

When  the  foundations  of  a dam  contain  materials  which  lose  their 
bearing  capacity  when  thawed,  dams  of  this  type  must  not  be  built.  If 
other  construction  methods  cannot  be  used  where  there  are  foundation  materials 
of  this  sort,  then  an  unfrozen  dam  can  be  built  only  if  certain  steps  are 
taken,  namely,  if  the  hazardous  materials  in  the  foundation  of  the  dam  are 
removed  down  to  rock  about  which  there  is  no  doubt  as  to  its  bearing  capacity 
after  thawing.  Examples  of  this  solution  are  the  Hess  Creek  Dam  in  Alaska 
and  the  dam  on  the  Novyy  River  in  Yakutia. 

Sometimes  hazardous  materials  are  removed  only  under  the  central  part 
of  the  dam,  where  they  are  removed  entirely  and  antiseepage  elements  of  the 
dam  are  attached  to  better  consolidated  foundation  materials.  One  can  also 
build  thick  drainage  pads  with  inverted  filters  which  protect  the  hazardous 
foundation  materials  from  mechanical  piping. 

Materials  used  in  the  body  of  unfrozen  dams  should  be  capable  of 
adapting  to  the  deformation  of  the  foundation  without  forming  cracks  and 
otherwise  disrupting  the  integrity  of  the  body  of  the  dam. 

When  unfrozen  dams  are  built  in  Canada,  if  complete  removal  of  ice- 
saturated  material  in  the  foundation  is  not  feasible  and  bedrock  lies 
relatively  close  to  the  surface,  weak  materials  are  left  in  the  foundation 
but  special  engineering  techniques  are  used  to  improve  their  bearing  capacity 
after  thawing. 
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1.  A temporary  earth  dam  on  the  Irelyakh  River  creates  a temporary 


reservoir  for  domestic  water  supply  and  satisfies  the  water  needs  of  in* 
dustriai  activities. 


In  addition  to  an  earth  dam  the  installation  includes  a water  escape 
with  intake  and  tail  race  and  an  ice-retaining  structure.  The  dam  is  13  m 
high  and  300  m long  at  the  crest.  It  was  built  of  local  gravelly  marly 
loams.  A cribwork  cutoff  wall  was  built  in  the  body  of  the  dam.  Its 
compartments  were  filled  with  sandy  material  and  loam  containing  gravel 
(see  Figure  5-1).  The  upstream  slope  was  stabilized  with  a layer  of  stones 
1 m thick,  and  covered  drainage  was  provided  at  the  foot  of  the  downstream 
slope,  running  into  a toe  of  stones  in  the  stream-bed  area.  During 
construction  the  height  of  the  dam  was  raised  2 m to  increase  the  capacity 
of  the  reservoir  and  the  crest  was  widened  from  6 to  10  m. 


Construction  was  started  in  1957.  Up  until  the  spring  flood  of 
1958  a major  part  of  the  work  on  the  floodplain  areas  of  the  dam  was  com- 
pleted! the  trench  for  the  cribwork  cutoff  was  dug,  the  cutoff  cribwork  was 
built  and  the  compartments  of  the  cribwork  filled  with  soil,  part  of  the 
earth  was  placed  for  the  body  of  the  dam,  and  a trench  was  dug  for  the 
sluiceway  with  tail  race  and  intake  channel. 


Figure  5-1.  Dam  for  a temporary  reservoir  on  the  Irelyakh  River. 
1 - Contour  of  the  dam  as  first  designed;  2 - Contour  of  the  dam 
as  built;  3 - Wooden  cribwork  cutoff  wall. 

Key:  w - Stage  I;  x - Stage  II;  y - NHL. 


After  the  1958  spring  flood  work  continued  to  raise  the  cutoff  wall 
to  the  design  level  and  fill  the  compartments  of  the  cribwork  with  loam 
from  the  sluiceway  trench.  At  the  end  of  August  1958  the  river  bed  was 
closed  and  the  reservoir  began  to  fill.  After  the  reservoir  had  filled  to 
the  design  level,  seepage  was  observed  in  the  foundation  of  the  sluiceway 
so  that  it  was  decided  to  build  a clay  tooth  and  apron. 


In  1958  the  Institute  of  Permafrostology  of  the  Siberian  Division  of 
The  USSR  Academy  of  Sciences  undertook  observations  on  the  effect  of  seepage 
flow  on  temperature  conditions  in  the  body  and  the  foundation  of  the  dam 
along  three  imaginary  lines. 


The  observations  shoved  (see  Figure  5-2)  that  filling  the  body  of 
the  dam  with  unfrozen  earth,  which  accumulates  heat,  affects  the  temperature 
regime  of  the  dam  body  only  during  the  first  year  of  operation.  During 
operation  the  main  factors  affecting  the  temperature  regime  of  the  dam  are 
the  temperature  of  the  outside  air  and  the  temperature  of  the  frozen  ground 
in  the  foundation,  as  well  as  the  warming  influence  of  the  reservoir  and  the 
seepage  flow.  The  warming  effect  of  the  seepage  flow  on  the  earth  in  the 
body  of  the  dam  and  the  foundation  is  determined  not  only  by  its  intensity 
but  also  by  its  size  and  depth.  After  two  years  of  operation  with  very 
little  seepage  in  the  body  of  the  dam  located  on  the  floodplain,  the  un- 
frozen zones  froze  up. 
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Figure  5-2.  The  temperature  field  in  the  floodplain  portion  of 
the  dam  for  a temporary  reservoir  on  the  Irelyakh  River, 
a - Isotherms  on  June  1,  1960;  b - Isotherms  on  June  1,  1961. 

Key:  v - Distance;  w - Levels;  x - NHL;  y - Unfrozen  ground. 

The  characteristics  of  the  seepage  flow  and  the  temperature  regime 
in  the  channel  portion  of  the  dam  evidently  were  affected  by  the  presence 
of  naturally  thawed  ground  under  the  channel,  the  boundaries  of  which  ex- 
panded after  the  reservoir  was  filled  (permafrost  degraded  at  a rate  of 
1.3  m/year  in  the  channel  area). 

At  the  end  of  the  first  year  of  operation  of  the  installation, 
stronger  seepage  was  observed  in  the  foundation  of  the  sluiceway.  The 
presence  of  tectonic  folds  running  with  the  direction  of  flow  evidently 
promoted  this.  During  the  construction  period  the  ground  in  the  sluiceway 
foundation  thawed,  fissures  which  had  previously  been  filled  with  ice  opened 
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and  natural  seepage  paths  were  formed.  As  a result  of  the  strong  seepage 
flow  the  permafrost  boundary  was  lowered  12  m (see  Figure  5-3). 


Figure  5-3.  Longitudinal  section  through  the  dam  for  a temporary 

reservoir  on  the  Irelyakh  River. 

1 - Loams  with  gravel;  2 - Sandy-gravelly  earth;  3 - Muddy  loams; 

4 - Ice  inclusion;  5 - Bedrock;  6 - Position  of  zero  isotherm; 

7 - Toe  of  cutoff  wall;  8 - Ground  surface;  9 - Crest  of  dam; 

10  - Sluiceway. 

The  following  statements  should  be  made  on  the  basis  of  experience 
in  planning,  building,  and  operating  the  dam.  The  presence  of  tectonic 
folds  with  a high  degree  of  fissuring  in  the  sluiceway  foundation,  which 
was  not  detected  during  exploration,  resulted  in  major  seepage  losses  from 
the  reservoir.  The  plan  did  not  include  measures  to  prevent  thawing  of  the 
foundation  materials.  The  ice-retaining  apparatus,  which  consisted  of 
separate  upright  poles  and  ties  running  lengthwise  in  the  bottom  of  the 
sluiceway  was  designed  without  taking  into  account  the  complex  ice  conditions 
in  rivers  of  the  Far  North. 

The  decision  to  build  a cribwork  cutoff  in  the  body  of  the  dam  must 
also  be  considered  wrong,  since  it  is  practically  impossible  to  mechanize 
the  placement  and  compaction  of  the  ground  along  the  cribwork  and  in  its 
compartments.  Compaction  by  hand  is  not  very  efficient,  and,  more  im- 
portant, quality  control  is  difficult.  In  addition,  because  of  differential 
settlement  of  the  relatively  rigid  cribwork  structure  with  its  vertical  walls 
and  that  of  the  earth  body  of  the  dam  along  the  interface  between  the  earth 
and  the  cribwork,  formation  of  voids,  which  become  seepage  paths,  was 
unavoidable. 


2.  The  dam  for  a first-stage  tailing  pond  on  N’yuKka  Creek  (Figure  5-4) 
was  built  to  create  a separation  pond  for  an  ore-dressing  plant,  but  during 
the  first  three  years  it  was  operated  only  as  a reservoir.  Excess  runoff 
was  bypassed  through  a lateral  self-regulating  wood  sheet-pile  by-wash 
built  on  the  right  bank,  with  the  floor  2 m below  the  level  of  the  dam 
crest.  The  dam  is  332  m long  with  a maximum  height  (including  the  tooth) 
of  17.8  m.  The  width  at  the  crest  is  5.5  m and  at  the  base,  73  m.  The 
slopes  are  1:3  on  the  upstream  side  and  1:2.5  on  the  downstream  side. 


58 


Figure  5-4.  Dam  for  a first-stage  tailing  pond  on  N’yukka  Creek 
1 - Starter  dam;  2 - Dam  built  by  hydraulic  fill  with  tailings. 
Key:  x - NHL. 


The  foundation  contains  diluvial  loams  with  20-25Z  calcareous  rock 
gravel  under  the  topsoil  to  depths  of  1.2-1. 5 m.  Below  this  there  is 
gravelly-fragmented  material  from  calcareous  rocks  of  Ordovician  age  with 
frequent  alternation  of  clay,  marl,  and  fissured  argillaceous  limestones. 


The  stream  bed  contains,  at  a depth  of  3 m,  heavily  ice-saturated 
muddy  loams  and  muds,  which  assume  a fluid  consistency  when  thawed.  These 
give  way  below  to  sandy-gravelly  deposits  with  a clay  filler,  which  in 
turn  are  underlain  by  muddy  materials.  The  total  thickness  of  the  alluvial 
deposits  on  the  bedrock  is  about  4.5  m. 


In  preparing  the  foundation  for  the  dam  the  topsoil  was  removed  over 
the  entire  site.  The  heavily  ice-saturated  muddy  earth  and  the  gravelly 
deposits  in  the  channel  area  under  the  tooth  of  the  dam  were  removed,  and 
the  tooth  was  cut  into  semi consolidated  marly  material.  The  homogeneous 
dam  body  with  a volume  of  95,500,000  nr  was  built  of  diluvial  loams  con- 
taining 20-40Z  sharply  angular  and  flat  fragments  of  calcareous  rocks  of 
varying  size  bedded  in  a borrow  layer  up  to  2.5  m thick. 


During  operation  of  the  dam  pressure  seepage  was  observed  under  the 
foundation.  The  reservoir  was  filled  by  the  spring  flood  of  1965.  In 
September  1965  a gryphon  was  discovered  on  the  left  bank  10  m below  the 
dam.  The  flow  was  5 1/sec  and  carried  no  solid  particles.  The  flow  sub- 
sequently increased  to  30  1/sec.  In  the  summer  of  1966,  when  the  reservoir 
was  completely  full  and  the  head  was  14  m,  bypass  seepage  along  the  left 
side  of  the  valley  intensified,  and  seepage  also  began  on  the  right  side. 

In  order  to  reduce  the  water  losses,  a covering  of  earth  consisting  of 
tailings  from  the  ore-dressing  plant  was  applied  to  the  juncture  of  the  dam 
with  the  left  bank  at  locations  where  leaks  were  thought  to  occur.  This 
appeared  to  be  enough  to  stop  the  seepage  entirely.  But  a leak  under  the 
right-bank  junction  intensified  and  became  a threat  to  the  integrity  of 
the  structure.  A special  wood-concrete  curtain  was  built  to  trap  the 
seepage  flow.  Holes  500  m in  diameter  were  bored  from  the  dam  crest  to 
a depth  3 m below  the  toe  of  the  dam.  Burlap  bags  filled  with  wet  concrete 


were  packed  Into  the  holes.  The  holes  were  bored  one  after  the  other  in  a 
checkerboard  pattern.  Creation  of  this  concrete  cutoff  wall  15  m long 
made  it  possible  to  stop  the  leaking  of  water  from  the  reservoir  entirely. 
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The  reason  for  the  seepage  under  the  dam  was  a change  in  the  thermal 
regime  of  the  foundation  material.  This  is  unavoidable  when  unfrozen  dams 
are  built.  During  the  construction  period  the  foundation  of  the  dam  (after 
removal  of  the  topsoil  and  prior  to  covering  it  with  loam)  remained  exposed 
for  almost  two  summer  seasons.  During  this  period  the  fissured  rock  of 
the  foundation  thawed  and  the  cracks  opened.  In  addition,  in  preparing  the 
foundation  the  topsoil  was  removed  from  a large  area  around  the  dam  site. 
Because  of  this  areas  above  and  below  the  dam  remained  without  a loam 
covering,  and  this  promoted  thawing  of  the  foundation.  Also,  when  the 
topsoil  was  removed,  fissured  marly  deposits  were  uncovered  in  places. 

3.  Dam  for  the  second-stage  tailing  pond  on  N’yukka  Creek. 

This  dam  is  26  m high  and  320  m long  at  the  crest.  It  was  built  in  1971- 
1972.  The  dam,  with  a volume  of  295,000  m,  is  the  starter  dam  for  the 
reservoir  to  make  subsequent  hydraulic  fill  possible  as  tailings  from  an 
ore-dressing  plant  are  stored  (see  Figure  5-5).  The  foundation  contains  a 
layer  of  diluvial  loams  0.4-1. 8 m thick  with  a 30-40%  content  of  gravel 
and  rock  fragments.  The  diluvial  formations  are  gradually  transitional  to 
the  bedrock,  which  consists  of  fissured  limestones.  Cracks  1-5  cm  wide  are 
filled  with  clay  and  ice.  The  limestones  alternate  with  layers  of  marly  clay. 
Alluvial  deposits  are  found  in  the  stream  bed  area:  muddy  and  gravelly 
materials. 

The  supporting  prism  of  the  dam  was  built  of  consolidated  and  semi- 
consolidated  marly  limestones  and  dolomites,  which  were  packed  down  by  the 
traffic  delivering  them.  A blanket  seal  was  made  of  gravelly  diluvial 
loams  with  a moisture  content  of  12-16%. 
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Figure  5-5.  Dam  for  the  second-stage  tailing  pond  on  N'yukka  Creek. 

1 - Marly  semiconsolidated  material;  2 - Gravelly  loam;  3 - Hydraulic- 
fill  portion  of  the  dam;  4 - Pipes  to  carry  off  drainage  water; 

5 - Drainage. 
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During  Che  summer  the  loam  was  dug  from  Che  borrow  pic  by  cuccing 
layers  away  wich  bulldozers.  Because  ic  was  necessary  Co  hold  che  spring 
flood  ac  che  upper  level  of  che  dam,  ic  was  puc  in  place  in  che  spring  when 
che  oucside  air  cemperacures  were  negacive.  The  marly  earch  in  che  borrow 
pic  was  successfully  mined  by  firsc  breaking  ic  up  Co  a depch  of  1.4  m 
with  a "Caterpillar"  tractor  ripper.  With  positive  daytime  air  cemperacures 
(+2  to  +6°C)  che  broken  ground  became  somewhat  plascic  as  it  was  mined, 
transported,  and  spread,  and  ic  was  well  compacted  wich  MAZ-525  trucks. 

About  24,000  nr  of  loam  were  placed  in  this  fashion.  Seventy-two  samples 
showed  density  values  from  1.40  to  1.75  tons/m-3  with  an  average  value  of 
1.58  tons/nr. 


4.  Dam  for  a tailing  pond  on  a tributary  of  the  Irelyakh  River. 

This  was  designed  in  a similar  manner  Co  che  dam  for  che  first-stage  calling 
pond  on  N'yukka  Creek  described  above.  The  dam  was  10  m high  and  60  m long 
ac  che  crest.  The  dam  was  built  entirely  during  the  summer.  Earch  was  dug 
as  ic  chawed  in  a borrow  pic  located  alongside  che  dam.  Ic  was  Chen 


transferred  -to  che  construction  sice,  smooched  out  and  packed  by  bulldozers. 
The  dam  functioned  as  a reservoir  impoundment  for  three  years. 


The  wooden  water  escape  of  this  dam  was  builc  during  che  winter. 
Because  of  low-quality  workmanship  considerable  seepage  was  found  where  che 
wacer  escape  structure  joined  che  foundation  during  che  firsc  year  of 
operation,  especially  under  che  spillway.  Repair  work  was  done  during  che 
firsc  summer,  completely  eliminating  che  seepage. 

5.  A dam  for  flooding  dredging  works  was  built  near  the  mouth  of 
the  Irelyakh  River  in  1960.  The  Quaternary deposits  in  the  foundacion 
(up  to  5 m chick)  consisted  of  a cop  layer  of  loams  containing  30-35%  gravel, 
and  a lower  layer  of  alluvial  fine-grained  muddy  sand  concaining  plant 
residues.  The  bedrock  consisted  of  marls  and  interstratified  thinly 
laminar  limestones  (sea  Figure  4-4). 


The  dam  is  of  wood  with  a cribwork  spillway  and  abutments.  The 
spillway  is  20  m wide  (see  Figure  4-10).  A pole  and  panel  structure  carried 
on  swinging  frames  was  installed  in  the  sluiceway  to  raise  the  water  level. 
It  backs  up  a head  of  2.0  m.  The  compartments  of  the  cribwork  were  filled 
with  loam  up  to  che  level  of  the  floor  of  the  apron,  and  with  a sand-gravel 
above  that  level.  • The  floor  of  the  spillway  is  concrete  in  the  region  of 
the  apron,  and  then  it  is  covered  with  squared  timbers.  The  dam  was  built 

during  the  winter.  Since  insufficient  unfrozen  loam  was  available  at  the 

construction  site  (and  also  because  placement  of  loam  during  the  winter 
involves  significant  difficulties),  the  tooth  of  the  apron  and  the  floor 
of  the  spillway  were  made  of  "cold"  concrete. 

6.  The  dam  on  the  Kadykchan  River  is  593  m long  at  the  crest, 
impounding  a 6.7  m head  of  water  with  a maximum  height  of  9 m.  The  dam  was 
placed  in  operation  in  September  1968.  The  slope  of  the  upstream  face  is 

1:2.5,  and  that  on  the  downstream  side  is  1:2.  A bypass  was  built  at  the 

left  bank  face  of  the  dam  to  carry  floodwaters  away.  It  consists  of  an 
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open  canal  dug  into  the  bedrock,  which  is  sandy-argillaceous  shale.  A 
weir  equipped  with  a 8x4  m gate  was  installed  in  the  canal  (in  line  with  the 
axis  of  the  dam)  (see  Figure  5-6). 


Figure  5-6.  Installation  on  the  Kadykchan  River. 

1 - Bypass;  2 - Water  intake;  3 - Water  line;  4 - Drain;  5 - Intake 
head;  6 - Dan;  7 - Captation  gallery;  8 - Return  pumping  station; 

9 - Drainage  shaft;  10  - Gravity-flow  pipe. 

Keys  x - Axis  of  dam. 


Gravelly  materials  from  3. 5-5.0  m thick  with  a percolation  coefficient 
from  400-4000  m/day  occupy  the  dam  site.  Below  this  material  are  loams 
underlain  by  clay  shales,  interrupted  in  the  central  part  of  the  alignment 
by  andesites.  The  loams  vary  in  thickness  from  2. 5-7.0  m;  the  percolation 
coefficient  of  the  loams  and  clay  soils  is  no  more  than  0.02  m/day.  A 
thawed  area  no  thicker  than  5.0  m remains  under  the  channel.  The  loams 
and  underlying  material  are  in  the  permanently  frozen  state.  The  core  of 
the  dam  was  made  of  loamy  materials;  the  upstream  wedge,  of  sandy-gravelly 
materials,  and  the  downstream  wedge  of  gravelly  material  (see  Figure  5-7). 

The  tooth  cuts  completely  through  the  gravelly  material  into  the  foundation 
of  the  dam  and  is  buried  in  the  bedrock  to  a depth  of  0.75  m.  At  the  juncture 
with  the  right  bank  it  was  planned  to  cut  a trench  for  the  tooth  into  the 
bedrock  a distance  of  2.5  m. 


Dam  on  Ponneuregen  Creek.  This  dam,  which  is  680  m long  and  impounds 
a head  of  16  m was  built  on  the  Chukchi  Peninsula  to  provide  water  for  the 
Bilibino  Nuclear  Power  Station.  The  climate  in  the  region  is  very  severe: 
the  mean  annual  temperature  is  -12°C  and  winter  lasts  7-8  months.  The 
average  monthly  temperature  in  January  is  36.4°C,  and  in  July  +13.3°C.  The 
average  absolute  minimum  temperature  is  -52°C  and  the  absolute  maximum, 
+28°C. 


The  bedrock  in  the  foundation  of  the  dam  (at  depths  of  1.5-8  m) 
consists  of  mixed  layers  of  clay  and  sandy-clay  shales  and  sandstones  with 
percolation  coefficients  from  0.5-2  m/day.  The  upper  part  of  the  bedrock 
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at  depths  of  0.4-2  m has  been  weathered  to  large  and  medium  gravel.  The 
ground  is  permanently  frozen  (with  temperatures  of  -3  to  -5.8°C).  The  dam 
foundation  contains  materials  with  lenses,  pockets,  and  layers  of  ice 
2-4  m thick  as  well  as  wedge-shaped  veins  of  ice  down  to  15  m.  The  ice 
content  of  the  bedrock  ranges  from  3.7  to  13%,  averaging  4.5%. 


Figure  5-7.  Cross-section  of  dam  on  the  Kadykchan  River. 

1 - Upstream  wedge  of  sandy-gravelly  material;  2 - Core  of  loam; 

3 - Downstream  wedge  of  gravelly  material;  4 - Drain. 

Ponneuregen  Creek  is  a left  tributary  of  the  Kaperveyem  River.  It 
is  22.4  km  long  with  a catchment  area  of  29  km2.  The  creek  is  4.7  m wide 
and  up  to  1.5  m deep.  Stream  flow  is  as  follows: 

Frequency  (%)  0.1  0.5  1.0  3 5 10 

Discharge  (m^/ sec)  111  89  80.3  72.6  47.8  47.4 

The  installation  includes  an  earth  dam,  a bottom  intake-discharge, 
a sluiceway  and  a pumping  station  to  return  seepage  water  to  the  reservoir. 

The  bottom  water  outlet  is  combined  with  the  water  intake  and  con- 
sists of  a supply  canal  and  a concrete  control  tower  (horizontal  dimensions 
5.6x6  m and  height  with  superstructure  23  m).  The  tower  is  located  in  the 
upstream  prism  of  the  dam.  Gravity-flow  water-intake  pipes  1 m in  diameter 
and  59  m long,  unitized  with  concrete,  are  installed  in  the  body  of  the  dam. 
The  escape  pipes  terminate  in  an  overhang. 

The  body  of  the  dam  is  built  of  sandy-gravelly  material;  the  tooth 
and  core  of  loam  (see  Figure  5-8).  The  dam  is  6 m wide  at  the  crest.  A 
concrete  plate  0.7  m chick  was  installed  at  the  juncture  between  the  tooth 
and  the  foundation.  The  tooth  of  t'la  core  was  cut  into  the  bedrock  to  a 
depth  of  1.0  m.  An  inverted  filter  layer  of  sandy  material  1.0  m thick  was 
installed  along  the  downstream  slope  of  the  core.  The  upstream  slope  was 
stabilized  with  prefabricated  reinforced  concrete  plates  20  cm  thick  placed 
on  a bed  of  gravel. 


Figure  5-8.  Dam  on  Ponneuregen  Creek. 

1 - Sandy-gravelly  material;  2 - Core  of  loam;  3 - Stage  II  grouting 

holes;  4 - Drain;  5 - Reinforced  concrete  plate. 

In  order  to  prevent  seepage  flow  from  emerging  from  under  the  downstream 
slope,  a drain  system  was  installed  in  the  form  of  reinforced  concrete 
perforated  pipes  sunk  in  the  bedrock  of  the  foundation  a distance  of 
3-6  m. 

The  bedrock  in  the  foundation  of  the  dam  has  percolation  coefficients 
of  0. 5-2.0  m/day  after  thawing.  Since  water  losses  through  seepage  in  this 
case  would  be  too  high,  it  was  decided  to  grout  the  foundation  of  the  dam. 

The  grouting  work  was  planned  in  two  stages.  In  the  first  stage  (before 
construction  of  the  dam)  cement  would  be  injected  for  purposes  of  adhesion 
to  a depth  of  5.0  m.  The  second  stage  of  grouting  — deep  grouting  to 
15  m — was  planned  for  later  during  the  operation  of  the  dam  when  seepage 
discharge  reached  40  1/sec. 

According  to  the  plan  the  control  value  for  the  density  of  the  loam 
used  in  the  body  of  the  dam  was  set  at  1.6  tons/nr,  and  that  for  the  sandy 
materials  at  2 tons/m3.  To  achieve  this  their  moisture  content  was  not  to 
exceed  18-202  for  the  loam  and  12-152  for  the  sandy  material.  The  loams 
in  the  borrow  pits  had  a moisture  content  of  up  to  502  and  were  in  a fluid 
state.  In  working  the  borrow  pits  special  engineering  operations  were  done 
for  purposes  of  melioration,  and  then  the  earth  was  predried  in  mounds. 
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The  following  work  was  done  to  build  the  dam  (thousands  of  cubic 
meters): 


Elimination  of  the  topsoil,  removal  of  low-grade  earth  101.8 

Digging  the  trench  for  the  tooth  34.3 

Placing  concrete  in  the  tooth  1.23 

Excavating  the  trench  for  the  drainage  system  7.5 

Construction  of  the  drainage  system  (m)  624.0 

Backfilling  of  voids  26.8 

Packing  loam  in  the  tooth  and  core  of  the  dam  168.0 

Packing  earth  into  the  body  of  the  dam  420.0 


8.  The  dam  on  Zharkiy  Creek  was  built  in  1967  to  provide  a water 
supply  for  Orotukan  settlement  in  Magadan  Oblast.  It  is  315  m long  and 
16.6  m high.  The  foundation  of  the  dam  consists  of  ice-saturated  alluvial 
deposits  3-4  m deep  underlain  by  the  bedrock  — clay  shales  and  sandstones. 
The  body  of  the  dam  was  built  of  sandy-gravelly  materials  with  a blanket 
seal  of  loam.  The  blanket  seal  was  attached  to  the  bedrock  with  a tooth, 
which  cuts  completely  through  the  alluvial  deposits. 

A by-wash  with  a concrete  header  was  built  around  the  dam  along  the 
left-bank  slope.  A drainage  system  was  built  under  the  downstream  slope 
of  the  dam.  Plans  called  for  capturing  all  seepage  flow  and  pumping  it 
back  into  the  reservoir,  and  a special  pumping  station  was  built  for  this 
purpose. 

9.  A dam  was  built  on  the  Kazachka  River  in  1969  to  create  a water- 
supply  reservoir  for  the  town  of  Anadyr'  on  the  Chukchi  Peninsula.  A 
bypass  was  built  around  the  dam  at  the  right  bank. 

The  surface  layers  at  the  dam  site  consisted  of  peat  and  silty- 
muddy  sandy  loams  to  a depth  of  2 m.  Beneath  this  layer  were  gravelly 
materials  underlain  by  dense  loams.  The  deposits  covering  the  loams  were 
from  3-6.5  m thick.  The  loamy  sands  and  gravelly  materials  were  heavily 
impregnated  with  ice  and  contained  lenses  of  pure  ice.  At  the  junction 
between  the  dam  and  the  bank,  lenses  of  buried'  ice  up  to  5 m thick  were 
found  as  well  as  wedge-shaped,  polygonal  vein  ice  in  a network  pattern 
measuring  approximately  15  x 15  m.  In  preparing  the  foundation  for  the  dam 
the  peat  and  loamy  sand  were  removed  entirely  with  bulldozers  as  they  thawed. 

The  central  part  or  expanded  core  of  the  dam  was  built  of  fine- 
grained sand  and  loamy  sand,  and  the  lateral  prisms  of  sandy-gravelly 
material  and  stones.  The  dam  core  was  attached  to  the  foundation  by  a 
tooth,  which  was  cut  into  the  compact  loams.  The  plan  called  for  the  tooth 
to  be  made  of  loam,  but  as  the  work  progressed  the  slopes  of  the  tooth 
trench  began  to  thaw.  To  prevent  everything  from  turning  to  mud,  the  ditch 
was  backfilled  hydraulically  with  fine-grained  sand. 
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5-3.  EXAMPLES  OF  CONSTRUCTION  OF  LARGE  UNFROZEN  DAMS 
a)  The  Dam  of  the  Vilyuy  Hydroelectric  Power  Station  on  the  Vilyuy  River 

Experience  in  building  the  Vilyuy  Hydroelectric  Power  Station  is  of 
great  interest:  this  large  plant  (first-stage  power  308  MM  and  full  power 
about  650  MM)  is  the  first  in  the  world  to  be  built  under  extremely  severe 
natural  climatic  conditions.  The  construction  site  is  located  in  the  zone 
of  continuous  permafrost,  which  thaws  no  deeper  than  0.5-0. 8 m during  the 
short  summer  season.  The  cold  winter  with  a long  period  of  low  temperatures, 
which  reach  -60°C  or  below,  creates  conditions  which  are  difficult  for 
construction  activity.  Until  construction  started  on  the  Vilyuy  Hydroelectric 
Power  Station  there  had  been  no  experience  in  planning  and  building  such  a 
large  facility  under  such  conditions  either  in  this  country  or  abroad. 

Abroad,  particularly  in  Swed-jn  and  Canada,  building  the  body  of  dams 
with  rock  fill  ordinarily  is  limited  to  times  when  air  temperatures  are 
not  below  -30°C,  and  it  is  recommended  that  antiseepage  elements  be  built 
only  during  the  warm  season  of  the  year  or,  in  exceptional  cases,  when 
temperatures  are  not  below  -5°  to  -10°C. 

The  facilities  at  the  Vilyuy  Hydroelectric  Power  Station  include 
(Figure  5-9):  a fixed  rock  fill  dam,  an  intake  canal,  a sluiceway  equipped 
with  a segmented  gate,  a bypass,  a water  receiver,  a power  station  building 
with  pressure-head  conduits  and  tail  race,  and  an  enclosed  distributor. 

The  rock  fill  dam  (Figure  5-10)  is  74.5  m high  and  about  600  m long 
at  the  crest.  The  slope  ratio  varies  with  height.  Berms  are  built  on 
the  downstream  slope  every  10  or  15  m vertically.  These  are  used  as  tem- 
porary access  lanes  and  permanent  roads. 

3 

The  dam  impounds  a reservoir  of  36  km  , about  450  km  long  with  a 
maximum  depth  70  m. 


The  antiseepage  element  of  the  dam  is  a blanket  seal  which  turns 
into  a core  at  the  upper  levels.  The  blanket  seal  is  made  of  loamy 
gravelly  materials  on  a two-layer  inverted  filter  of  0-40  ram  and  0-150  mm 
crushed  stone.  The  side  of  the  blanket  seal  facing  the  reservoir  is  covered 
with  a filter  of  mixed  sand  and  gravel.  In  the  region  of  changing  water 
level  this  filter  is  made  of  0-40  ram  crushed  stone. 

The  foundation  of  the  dam  contains  strong  diabases,  which  on  the 
lateral  slopes  are  covered  with  unconsolidated  deposits  1.5-2  m thick. 

The  ground  is  permanently  frozen  and  the  permafrost  thickness  is  more  than 
350  m. 

The  blanket  seal  was  attached  to  the  rock  foundation  with  a lightly  . 
reinforced  concrete  plate  and  a grouting  tunnel.  Before  the  reservoir  was 
filled,  the  foundation  in  the  unfrozen  area  under  the  stream  bed  was  grouted 
from  the  tunnel.  The  dam  foundation  in  the  area  of  the  valley  slopes  was 
grouted  as  the  permafrost  degraded  and  rock  thawed. 


66 


MHl 


IM 


m 


It: 

it* 


Figure  5-9.  Vilyuy  Hydroelectric  Power  Station  on  the  Vilyuy  River. 
1 - Dam;  2 - Power  station  building;  3 - Intake  channel;  4 - Sluice- 
way; 5 - Covered  distributor;  6 - Tail  race;  7 - Water  receiver 
(the  items  marked  with  "a"  belong  to  the  second  stage). 
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Figure  5-10.  Rock  Fill  Dam  of  the  Vilyuy  Hydroelectric  Power  Station. 
1 - Toe;  2 - Fill;  3 - Grout  screen;  4 - Grouting  tunnel;  5 - Blanket 
seal;  6 - Inverted  filters;  7 - Supporting  prism. 
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A bypass  was  dug  into  Che  rock,  and  the  first  seccion  ahead  of  Che 
intake  serves  as  a supply  channel  for  the  hydroelectric  power  station.  The 
bypass  was  designed  to  handle  a specific  discharge  160  nr/sec. 

Work  involved  in  building  the  dan  can  be  judged  fron  the  following 
figurest 

Fill  for  the  body  of  the  dam  3955  thousand  m3 

Loam  placed  630 

Filters  420 

Facing  with  concrete  and  reinforced 

concrete  49 

It  was  difficult  to  plan  and  organize  the  work.  The  main  reason  was 
the  extremely  uneven  flow  of  the  Vilyuy  River  during  the  year.  Most  of  the 
annual  discharge  (84Z)  occurs  during  the  spring  and  summer,  when  maximum 
rates  of  discharge  reach  13,000  nr /sec.  High  water  also  occurs  at  the  end 
of  summer  and  in  early  fall,  with  peak  flows  reaching  as  high  as  2700  m^/sec. 
These  are  due  to  rains  and  thawing  of  the  permafrost.  During  the  winter  river 
flow  drops  to  4-2  nr /sec.  These  factors  made  it  necessary  to  do  the  bulk 
of  the  work  of  raising  the  dam  during  the  winter. 

A diversion  trench  was  built  in  the  left  bank  to  handle  flows  of  as 
much  as  8400  nr/sec  which  occurred  with  a 5Z  frequency  during  the  construc- 
tion season.  Work  could  begin  on  the  dam  in  the  area  of  the  diversion 
trench  after  it  was  closed,  but  because  of  hydrological  conditions  this 
became  possible  only  in  December  (taking  into  account  the  accumulation  of 
winter  flow  in  the  newly  formed  reservoir).  Under  these  conditions  in  the 
winter  of  1964/65  the  channel  portion  of  the  rock  fill  dam  was  built  to  a 
height  of  40  m and  the  loam  blanket  seal  to  a height  of  25  m.  The  spring 
flood  in  1965  was  passed  through  the  diversion  trench,  and  between  the  time 
it  was  closed  Con  December  8,  1966)  and  the  spring  flood  of  1967  (i.e.,  five 
months  later)  the  dam  was  raised  to  a height  of  55  m in  the  trench  area. 

In  the  winter  of  1964-65  300,000  cubic  meters  of  loam  were  placed 
for  the  blanket  seal  and  in  the  winter  of  1966/67,  220,000  cubic  meters. 

This  was  possible  because  facilities  were  developed  and  built  at  the  site 
for  packing  cohesive  earth  into  high-quality  fill  at  low  air  temperatures 
(-35  to  -40°C).  The  technology  was  based  on  the  accumulation  of  solar  heat 
by  the  loam  during  the  summer  sufficient  to  maintain  the  loam  in  a thawed 
state  until  placement  in  the  blanket  seal  had  been  finished.  In  spite  of 
the  fact  that  such  a large  amount  of  ungraded  rock  fill  was  placed  during 
the  winter  without  special  compaction,  settlement  of  the  dam  after  four  years 
was  no  more  than  4-6. 5Z,  and  about  half  this  settlement  occurred  during  the 
first  2-3  months  after  filling  operations. 

After  the  particularly  severe  winter  of  1965/1966  an  attempt  was 
made  to  place  loam  in  the  blanket  seal  using  the  technology  developed 
at  the  site  at  air  temperatures  as  low  as  -50  to  -55°C.  But  this  attempt 
was  not  successful.  The  problem  was  not  with  the  winter  earth-placement 
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technology  which  had  been  developed,  but  with  other  causesi  in  particular, 
the  frequent  breakdown  of  machinery  at  the  low  temperatures  which  prevailed, 
the  numerous  days  when  all  were  excused  from  work,  power  failures,  etc. 

All  this  caused  interruptions  which  lasted  3-5  or  even  10  days  at  a time. 

With  such  long  interruptions  the  layers  of  loam  placed  earlier  were  thoroughly 
chilled  and  froze  completely.  When  the  next  layer  was  laid  it  was  not 
possible  to  return  the  layer  laid  earlier  to  the  plastic  state,  and  the 
new  layer  froze  at  the  interface  with  the  lower  layer  before  it  could  be 
compacted. 

An  air  temperature  of  -40°C  appears  to  be  the  lower  limit  for  proper 
construction  of  water-retaining  components  from  cohesive  earth  during 
winter.  This  limit  is  based,  however,  not  on  construction  methods  per  se. 
but  on  the  lack  of  machines  (cranes,  shovels,  etc.)  capable  of  working  at 
temperatures  lower  than  that. 

In  planning  the  dam  it  was  assumed  that  the  temperature  regime  of 
the  dam  would  be  determined  by  the  temperature  regime  of  the  waterproof  blanket 
seal,  and  that  the  temperature  at  the  surface  of  the  blanket  seal  would  always 
be  positive  because  of  the  enormous  amount  of  heat  accumulated  in  the  re- 
servoir. The  rock  fill  supporting  prism  in  turn  would  be  cooled  by  the 
outside  air,  since  the  mean  annual  air  temperature  was  negative.  Since 
the  air  within  the  body  of  the  dam  was  warmdr  and  lighter  than  the  outside 
air,  currents  would  be  generated  within  the  rock  fill. 

Such  a model  obviously  is  very  simplified.  Even  during  the  operational 
period  (when  conditions  have  stabilized)  the  upper  range  of  temperatures 
in  the  blanket  seal  will  vary  significantly  during  the  year.  Hhen  the 
reservoir  drops  in  winter,  the  upper  portion  of  the  blanket  seal  (about 
25%  of  the  total  height)  is  exposed  and  freezes.  In  addition,  one  cannot 
ignore  the  effect  of  the  snow  cover  on  temperatures  in  the  rock  fill  prism 
during  the  winter,  and  the  effect  of  precipitation  during  stumer. 


Another  important  factor  governing  temperature  conditions  in  the  dam 
is  the  blanket  seal.  Hhen  the  loam  is  placed  during  the  winter,  the 
blanket  seal  usually  remains  unfrozen  until  compaction  is  complete.  Then 
it  freezes  and  assumes  a temperature  close  to  the  temperature  of  the  outside 
air.  In  areas  of  the  blanket  seal  placed  during  the  summer,  of  course, 
the  temperature  is  positive,  but  during  the  winter  before  the  reservoir 
fills,  it  remains  exposed  and  also  freezes. 


In  our  opinion  the  temperature  regime  of  the  foundation  and  body  of 
the  dam  differs  somewhat  from  that  assumed  in  the  planning  hypothesis. 


The  temperature  field  in  the  body  of  the  dam  is  shown  in  Figure  5-11, 
where  the  uneven  temperature  distribution  is  apparent.  The  blanket  seal 
is  located  in  a positive  temperature  zone,  even  though  during  the  construction 
period  it  was  partially  frozen.  At  the  same  time,  temperature  conditions 
at  the  upper  levels  of  the  blanket  seal  are  complex.  A zone  of  deep  cooling 
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is  seen  under  Che  downscream  slope  of  the  supporting  prism.  There  tem- 
peratures in  the  rock  fill  drop  to  -25°C.  Intense  thawing  of  the  left-bank 
slope  occurs  in  the  region  of  the  diversion  trench.  The  explanation  for 
this  lies  in  the  fact  that  as  the  spring  floodwaters  and  summer  discharge 
passed  through  the  trench,  the  rock  was  thoroughly  warmed,  cracks  were  opened, 
and  seepage  water  began  to  pass  through  them  bringing  additional  heat. 

Thawing  was  slower  on  the  right  bank  (see  Figure  5-12). 
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Figure  5-12.  Thawing  of  the  foundation  of  the  Vilyuy  rock  fill  dam. 

1-4  - Zero  isotherms  based  on  the  situation  in  May  1971,  April  1969, 
November  1968,  and  June  1968,  respectively;  5 - Outline  of  the 
thawed  area  below  the  channel  prior  to  construction  of  the  dam; 

6 - Crest  of  the  dam. 

Key;  x - Left  bank;  y - Right  bank. 

Curves  showing  settlement  of  the  dam  are  presented  in  Figures  5-13 
and  5-14.  During  the  first  four  years  the  total  settlement  of  the  rock  fill 
dam  was  6.5Z  of  the  height  of  the  dam. 

b)  The  Dam  of  the  Khantayka  Hydroelectric  Power  Station  on  the  Khantayka  River. 


The  installation  at  the  Khantayka  Hydroelectric  Power  Station  includes 
a rock  fill  dam  in  the  river  channel,  earth  dams  on  the  left  and  right  banks, 
water  escape  structures,  and  the  hydroelectric  station  building  with  an 
underground  machine  room  [65,  76]. 
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Figure  5-13.  Settlement  of  the  Vilyuy  Dam  based  on  temporary 
monuments  installed  at  a height  of  43  m from  the  toe  (The  numbers 
associated  with  the  curves  are  monument  numbers.) 

Key:  x - Relative  settlement,  Z;  y - Absolute  settlement,  cm; 
z - Days. 
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Figure  5-14.  Absolute  settlement  of  the  Vilyuy  Dam  based  on 
depth  markers.  (The  numbers  associated  with  the  curves  are 
marker  numbers.) 

Key:  x - Absolute  settlement,  m;  y - Years. 

The  Khantayka  River  Basin  is  located  above  the  Arctic  Circle  in  the 
forest  tundra  zone  with  large  numbers  of  lakes  and  bogs.  Permafrost  is  not 
continuous  in  the  vicinity  of  the  construction  site.  The  depth  of  seasonal 
freezing  and  thawing  is  no  more  than  2.5  m. 
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The  climate  in  the  region  of  the  construction  site  is  subarctic, 
with  a long  severe  winter  and  a short  summer.  The  mean  annual  air  tem- 
perature is  -8°C. 

The  rock  fill-channel  dam  (Figure  5-15)  65  m high  creates  a 
reservoir  of  23.5  km  of  water.  The  antiseepage  element  is  the  core  made 
of  moraine  materials.  The  upstream  and  downstream  supporting  prisms  are 
built  of  rock  from  excavations  made  for  the  other  facilities.  The  core  of 
the  dam  is  linked  to  the  foundation  by  a tooth,  which  contains  a gallery 
for  grouting.  The  grout  curtain  in  the  channel  area  is  up  to  20  m deep. 

There  are  depressions  on  the  right  bank  and  left  bank  floodplains, 
which  have  been  shielded  by  protective  dikes.  The  left-bank  earth  dam  is 
1800  m long  and  11  m high,  and  is  a direct  continuation  of  the  channel 
dam.  The  foundation  of  the  left-bank  dam  contains  dolerites,  as  well  as 
thawed  and  permanently  frozen  moraine  materials.  The  core  of  the  dam 
consists  of  moraine  materials,  and  the  supporting  prism  of  gravelly  materials. 

The  right-bank  earth  dam  (Figure  5-16),  which  is  2.5  km  long  with  a 
maximum  height  of  33  m,  is  located  a distance  of  4 km  from  the  channel  dam. 

It  also  contains  a core  of  moraine  materials  and  supporting  prisms  of  gravelly 
materials  with  a loamy  sand  filler.  Its  foundation  consists  of  solid  and 
semiconsolidated  bedrock  covered  by  unfrozen  clay,  loam,  and  loamy  sand 
of  lacustrine-glacial  and  lacustrine-bog  origin.  The  foundation  contains 
unfrozen  and  water-bearing  materials,  but  in  particular  areas  there  are 
lenses  of  permafrost  of  massive  texture  which  are  relatively  thin  (no  more 
than  4-8  m)  as  well  as  a lens  containing  stratified  ice  up  to  15  m thick 
with  its  long  dimension  paralleling  the  axis  of  the  dam  for  a distance  of 
about  200  m. 


In  preparing  the  dam  foundation  permafrost  with  massive  texture  was 
left  in  place  in  accordance  with  the  plan  regardless  of  its  ice  content  and 
the  lithology  of  the  rock.  Only  a portion  of  the  silty  loams  and  varved 
clays  within  permafrost  lenses  containing  stratified  ice  were  removed.  The 
maximum  thickness  of  earth  removed  was  12  m.  Part  of  a lens  of  clay  perma- 
frost containing  stratified  ice  from  5.5  to  7.5  m thick  was  left  in  place 

: under  the  dam.  The  dam  in  this  area  is  26  m high,  and  it  is  about  11-13  m 

high  in  the  area  of  the  lens  with  massive  texture. 

The  materials  intended  for  use  in  the  antiseepage  elements  were  moraine 
materials  and  loams  of  glacial  origin,  which  were  thinly  bedded.  The  materials 
were  also  very  waterlogged  in  their  naturally  bedded  state.  These  circum- 
stances required  special  digging  techniques.  As  in  the  case  of  the  construc- 
tion of  the  Vilyuy  Hydroelectric  Power  Station,  the  earth  in  the  borrow  pits 
was  dug  with  bulldozers  a layer  at  a time  as  it  thawed,  carried  away  and  piled 
up  to  lose  moisture.  Before  being  stripped  away,  the  surface  layers  of  the 

1 mounds  in  which  the  earth  had  been  stacked  and  treated  with  salt  were  warmed 

with  an  electric  heater. 
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The  rock  fill  channel  dam  was  built  mainly  using  techniques  for 
building  water-retaining  structures  of  cohesive  earth,  which  were  developed 
and  used  in  building  the  Vilyuy  Hydroelectric  Power  Station.  But  the  high 
moisture  content  of  the  borrow  material  (1S.3Z)  made  it  necessary  to  develop 
a new  technique  for  placing  it  based  on  the  so-called  "Swedish"  method  of 
packing  excessively  wet  cohesive  earth  with  lower  density  [44], 

Serious  difficulties  were  encountered  in  preparing  the  foundation 
for  the  left-bank  dam,  since  the  unfrozen  water-saturated  lake-bog  deposits 
had  practically  no  bearing  capacity  due  to  their  fluid  consistency.  It  was 
possible  to  work  the  ground  after  adding  dry  earth  in  proportions  of  1:1 
and  1:2.  Excavating  equipment  cound  maneuver  on  such  earth  only  on  wood- 
metal  planks  placed  on  a fill  of  sand  and  gravel  one  meter  thick. 

In  preparing  the  core  foundation,-  frozen  moraine  earth  was  used  as  a 
cover  layer  under  timbers.  This  material  received  additional  moisture  from 
the  ground  water  and  froze.  Since  this  layer  was-  loose-textured,  it  was 
necessary  to  compact  it  after  electrical  thawing.  About  10,000  cubic  meters 
of  frozen  moraine  material  were  thawed  in  this  fashion.  Compaction  was 
done  with  caterpillar  tractors. 


The  planning  steps  for  the  right-bank  dam,  in  our  opinion,  are  no 
different  in  their  sequence.  It  has  been  said  that  "frozen  ground  containing 
stratified  ice  should  be  removed  completely"  and  at  the  same  time  such 
materials  up  to  7.5  m thick  have  remained  in  some  areas  in  the  foundation 


of  the  dam.  The  techniques  adopted  in  the  plan  are  extremely  difficult  to 
carry  out.  Removal  of  large  quantities  of  earth  and  replacing  them  with 
better-quality  materials  is  not  always  economically  justified.  In  building 
unfrozen  dams  where  the  foundation  materials  are  permitted  to  thaw  during 
use,  other  solutions  may  also  exist  which  are  more  reliable  in  assuring 
stability  of  the  dam  in  the  face  of  uneven  subsidence  of  the  foundation. 

Special  drains  in  the  form  of  sand  pile  drains  or  other  techniques 
are  used  to  improve  the  bearing  capacity  of  thawed  earth  in  the  foundation 
of  a dam  in  Canada  where  conditions  of  engineering  geology  and  frozen 
ground  are  similar  to  those  in  this  case  (see  Section  5-4). 

In  order  to  simplify  and  speed  up  construction  of  the  dam,  and  to 
reduce  its  cost  and  improve  its  quality,  we  feel  that  permafrost  in  the 
foundation  of— the-da®  -should  ~not-be-  removed  . Sand  pile  drains  should  be 
installed  in  areas  containing  lenses  of  permafrost.  This  would  assure 
drainage  of  the  ground  as  it  thaws  and  subsequent  consolidation  while  the 
bearing  capacity  is  maintained.  The  body  of  the  dam  should  be  built  of 
sandy  and  gravelly  materials,  possibly  as  a rock-earth  dam.  This  would  make 
it  possible  to  build  it  during  the  winter,  to  simplify  construction  methods, 
and  to  assure  necessary  stability  and  reliability  in  view  of  possible  uneven 
subsidence  of  the  foundation  materials. 

The  plan  was  revised  somewhat  during  construction,  and  vertical 
drains  were  built  in  particular  areas  to  accelerate  consolidation  and  drainage 
of  the  foundation  materials  below  the  downstream  prism.  This  significantly 
increased  the  reliability  of  the  structure  [65]. 
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c)  Dam  of  the  Serebryenskaya  Hydroelectric  Power  Station  on  the 
Voron’ya  River 

This  dam,  which  is  78  m high  and  182  m long  at  the  crest,  creates 
a reservoir  of  4.3  km  . The  installation  includes  a dam,  a hydroelectric 
station,  and  a sluiceway  structure.  The  core  of  the  dam  (maximum  width  70  m) 
was  built  by  filling  sandy  moraine  material  into  the  water;  the  lateral 
prisms  were  built  of  broken  rock,  and  the  transitional  zones  of  a sand- 
gravel  mixture  (see  Figure  5-17).  The  dam  was  built  north  of  the  Arctic 
Circle  but  outside  the  permafrost  zone,  even  though  the  air  temperatures 
in  winter  dropped  to  -48°C,  rising  in  summer  to  +38°C. 


Figure  5-17.  Rock-earth  dam  of  the  Serebryanskaya  Hydroelectric 
Power  Station  on  the  Voron’ya  River. 

1 - Core  of  loamy  sand  moraine  material;  2 - Sand-gravel  material; 

3 - Rock;  4 - Clay;  5 - Concrete  plate;  6 - Grout  curtain; 

7 - Granite;  8 - Moraine-gravel  material. 

Key:  x - NHL. 

* 

The  particle-size  distribution  of  the  materials  used  in  the  core  of 
the  dam  was  as  follows: 


Particle  size,  mm  Content,  Z 

> 100  13 

100  - 10  25 

—2 14 

2 - 0.5  11 

'0.5  - 0.25  8 

0.25  - 0.05  17 

0.05  - 0.002  8 

< 0.002  4 


During  the  winter  the  water  temperature  in  the  pool  dropped  to  +6°C, 
and  fill  work  continued  at  air  temperatures  down  to  -25°C.  The  surface  of 
the  pool  was  protected  from  the  extreme  cold  with  polystyrene  foam  [95]. 

A 650  kw  electric  boiler  plant  was  used  to  heat  the  water  in  the  pools, 
and  shore  ice  was  thawed  by  blasting  with  hot  gases  of  a turbojet  device. 

In  order  to  lower  the  freezing  temperature  of  the  earth,  the  surface  was 
flooded  with  a calcium  chloride  solution. 


d)  Dam  of  the  Kolyma  Hydroelectric  Power  Station  on  the  Kolyma  River 

This  dam,  which  is  about  125  m high  and  750  m long  at  the  crest, 
impounds  a reservoir  of  14.6  km3.  A sluiceway  950  m long  and  100  m wide 
is  planned  for  an  excavation  in  the  rock  on  the  left  bank  of  the  river. 

The  sluiceway  in  use  is  designed  to  pass  a flow  of  17,500  nr/sec  occurring 
with  a frequency  of  0.01Z. 


Figure  5-18.  Rock  fill  dam  of  the  Kolyma  Hydroelectric  Power 

Station  on  the  Kolyma  River. 

1 - Rock  fill;  2 - Core;  3 - Sand-gravel  filter;  4 - Granite; 

5 - Grout  curtain. 

Key i x - NHL;  y - LWL. 

The  dam  is  being  built  under  severe  continental  climatic  conditions 
with  a moderate  warm  summer  and  a very  cold  winter.  The  mean  annual  air 
temperature  is  -12°C.  Minimum  temperatures  in  winter  may  reach  -60°C, 
with  maximum  temperatures  in  summer  of  +36°C. 

As  far  as  flow  is  concerned,  the  Kolyma  has  a very  pronounced 
period  of  high  water  in  the  spring,  rain  floods  in  summer  and  fall,  and 
a long  period  of  low  water  in  the  winter.  Rain  floods  during  summer  and  fall 
number  from  1 to  6.  From  95-97Z  of  the  annual  runoff  occurs  during  the  five 
warm  months,  with  only  3-5Z  in  the  7-8  winter  months.  Flow  is  extremely 
low  (0.27-0.59  nr/sec)  at  the  end  of  winter  (March-April) . 

The  foundation  materials  of  the  structures  are  permanently  frozen 
and  thaw  to  depths  of  1. 0-1.1  m.  The  thickness  of  the  frozen  ground  in 
the  slopes  of  the  river  banks  varies:  it  is  thickest  on  the  left  bank  (up 
to  200-300  m),  and  not  as  thick  on  the  right  bank  (from  25-150  m).  The 
thawed  area  under  the  river  bed  extends  below  the  permafrost. 

The  structures  of  the  installation  are  built  on  cock.  Granites, 
which  underly  the  dam  alignment,  are  covered  almost  everywhere  with 


77 


unconsolidated  deposits  and  crop  out  only  here  and  there  on  the  bottom  of 
the  valley.  The  overlying  unconsolidated  deposits  are  thin.  Cohesive 
earth  borrow  pits  for  the  antiseepage  elements  are  located  5.5  km  from  the 
dam  alignment.  The  mean  composition  by  weight  of  the  borrow  material 
used  in  the  dam  core  is  as  follows:  clay  161,  silt  2lZ,  sand  23Z,  small  gravel 
15Z,  and  large  gravel  25Z, 

The  physical  properties  of  these  materials  are  shown  in  Table  5-1. 

The  borrow  materials  can  be  used  in  the  watertight  components  of  the  dam  if 
previously  dried  somewhat. 

Table  5-1. 


Principal  physical  properties  of  earth  used  in  the 
core  of  the  dam  for  the  Kolyma  Hydroelectric  Power  Station 


Property 

Naturally 

bedded 

earth 

Disturbed  (mixed)  earth 

Coarse 
material 
(particles 
2 mm), 

40Z 

Fine 
earth 
(particles 
2 mm), 

60Z 

3 

Specific  gravity,  tons/m 
Bulk  density  of  skeletal  material, 
tons/m3 

Total  moisture  content,  Z 
Absolute  moisture  capacity,  Z 

2.72 

1.65 

20.0 

24.0 

2.72 

2.0 

15.0 

2.72 

1.6 

24.0 

Coefficient  of  friction 

0.4 

Cohesion,  kg /cm3 

0.1 

Relative  compression  when  loaded 

to  10  kg/cm3}  Z 

7 -6 

Percolation  coefficient,  cm/sec. 

2*10 

It  is  planned  to  build  the  supporting  prisms  of  rock  from  excavations 
dug  for  other  purposes  and  special  quarries,  without  sorting  and  without 
special  compaction.  The  core  of  the  dam  will  be  made  of  gravelly  loams  and 
loamy  sands,  and  the  transitional  zones  of  natural  sandy-gravelly  materials 
and  crushed  stone.  The  core  of  the  dam  will  be  joined  to  the  foundation 
with  a tooth  cut  into  the  rock.  A gallery  is  planned  within  the  tooth  for 
curtain  grouting  (see  Figure  5-18). 

3 

The  volume  of  the  loam  core  will  be  1,200,000  m ; that  of  the  sand- 
gravel  filters,  700,000  m3,  that  of  the  crushed  stone  filters,  450,000  ra3, 
and  that  of  the  rock  fill  body  of  the  dam  more  than  9,000,000  m3. 

The  material  will  be  placed  in  the  core  of  the  dam  using  techniques 
employed  at  the  Vilyuy  Hydroelectric  Power  Station. 
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Experience  in  building  unfrozen  dams  shows  chat  they  can  function 
successfully  only  if  proper  steps  are  taken  in  planning  to  assure  seepage 
resistance  and  overall  stability  of  the  structure. 

These  steps  include,  in  our  opinion,  careful  preparation  of  the 
foundation  for  the  dam  based  on  a detailed  study  of  frozen  ground  conditions 
and  of  the  physical  and  mechanical  properties  of  the  ground,  taking  into 
account  the  change  in  those  properties  with  time.  The  attachment  of  the 
body  of  the  dam  to  the  foundation,  the  subgrade  contour,  and  the  drainage 
facilities  should  be  designed  in  such  a way  that  temperature  conditions  in 
the  foundation  are  properly  controlled.  Special  steps  should  be  taken  to 
see  that  the  foundation  materials  are  resistant  to  seepage  and  not  subject 
to  piping. 


The  plan  should  include  provisions  for  the  possibility  of  the  occur- 
rence of  seepage  and  subsidence  of  the  foundation  as  well  as  measures  to 
control  heat  flow  in  the  foundation.  Unfortunately,  as  we  have  seen  from 
previous  examples,  these  matters  are  not  always  taken  into  account  in  the 
design  stage.  As  a result,  major  effort  is  devoted,  during  the  construction 
and  operation  of  the  facilities,  to  design  and  implement  steps  to  reduce 
the  damaging  effects  of  heat  and  mass  exchange  on  the  integrity  of  the 
structure. 


5-4.  UNFROZEN  DAMS  IN  THE  CANADIAN  NORTH 


Several  hydroelectric  power  stations  of  different  sizes  having 
reservoir  dams  built  of  natural  materials  are  now  operating  in  the  Northwest 
Territories  and  the  Yukon  Territory  of  Canada,  which  are  entirely  located 
within  the  fa^  northern  region  of  that  country.  These  include  a hydroelectric 
station  on  the  Taltson  River  near  Fort  Smith,  two  stations  on  the  Snare 
River  in  the  vicinity  of  Yellowknife,  and  on  the  Yukon  and  Mayo  Rivers  in 
the  region  of  Whitehorse.  A hydroelectric  power  station  with  a dam  of 
sand-gravel  and  clay  materials  was  built  on  the  Yukon  at  Whitehorse  Falls 
to  provide  electricity  for  gold  mining  operations  and  copper  mines  in  the 
Whitehorse  region.  Every  year  when  temperatures  drop  below  freezing 
longitudinal  cracks  at  the  crest  form  in  the  core  of  the  dam,  which  is 
built  of  clay  and  silt  materials  (see  Figure  5-19). 

In  building  dame  and  similar  structures  in  permafrost  regions, 

•fferts  ere  made  to  select  sites  where  the  foundation  material  for  the 
• 'r'trttjres  will  be  rock.  Permanently  frozen  cohesive  and  friable  materials 
»r*  i*«d  ee  the  foundation  for  a dam  if  they  do  not  lose  their  bearing 
■ -y  when  they  thaw.  In  this  case  sand  pile  drains  are  installed  to 
^••e  f 'he  prorate  of  consolidation.  Materials  which  represent  a potential 
*»ee  'new  ere  frequently  replaced. 


Figure  5-19.  Crack  along  the  crest  of  a dam  on  the  Yukon  River. 

Where  possible,  supporting  prisms  are  built  of  rocky  material  and 
antiseepage  elements  of  sandy-clay,  sandy-silt,  or  other  materials  of  glacial 
origin.  In  particular  cases,  such  as  the  Whitehorse  Dam  on  the  Yukon 
River,  materials  were  used  in  the  cutoff  core  of  the  dam  which  are  subject 
to  frost  heaving  and  fissuring  when  they  are  wet  and  undergo  periodic 
freezing  and  thawing. 

During  the  operation  of  this  dam  substantial  additional  capital 
investments  have  been  necessary  to  repair  it  every  year.  The  dam  is 
repaired  by  pumping  "lignosite,"  a paper  mill  waste,  into  boreholes. 

The  well-planned  program  for  monitoring  the  condition  of  the  structures 
should  be  mentioned.  Scientific  research  institutions  and  individual 
specialists  are  involved  in  this  work,  so  that  undesirable  changes  in  the 
dam  can  be  detected  early  and  necessary  preventive  steps  can  be  taken. 

Experience  gained  in  building  the  dams  and  other  structures  in  the 
Nelson  River  basin  is  of  very  great  interest  [14,  17,  108]. 

1.  The  Kelsey  Hydroelectric  Power  Station  on  the  Nelson  River 
was  built  in  1957-1960  in  the  province  of  Manitoba.  The  climate  near  the 
site  is  cold.  The  mean  annual  temperatures  is  -3.9°C.  The  frost-free 
period  lasts  an  average  of  140  days  each  year.  About  400  mm  of  precipitation 
fall  annually. 
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The  surface  of  the  ground  is  covered  with  clay  in  a layer  0.3-7. 5 m 
thick.  Beneath  this  clay  there  is  either  r^ck  or  glacial  moraine  material 
up  to  6 m thick,  which  consists  of  sand,  gravel,  and  granular  till  (boulder 
clay).  The  total  thickness  of  the  overburden  varies;  it  may  reach  15  m or 
more. 

The  construction  site  is  located  not  far  from  the  southern  permafrost 
boundary.  The  permafrost  is  discontinuous  in  nature:  frozen  ground  is  found 
sporadically  both  in  the  vertical  and  in  the  horizontal  directions.  Ice 
is  found  in  the  permafrost  in  the  form  of  uniformly  distributed  small 
crystals  and  lenses  up  to  17.8  cm  thick,  The  temperature  of  the  permafrost 
ranges  from  0 to  -1.9°C, 


I 1 


The  installation  consists  of  the  hydroelectric  power  station,  a 
sluiceway,  a central  earth  dam,  and  seven  smaller  marginal  dikes  along  both 
sides  of  the  reservoir.  The  river  bed  is  walled  off  by  a rock  fill  dam 
219  m long  with  a maximum  height  of  36.6  *m  and  a total. volume  of  220,000  m. 
The  foundation  of  the  dam  consists  of  sound  rock  (see  Figure  5-20). 


■ 

■ 


Figure  5-20.  The  Kelsey  rock  fill  dam. 

1 - Downstream  cofferdam;  2 - Stage  II  fill  of  supporting  prism; 

3 - Rock  surface;  4 - Transition  zones  A,  B,  and  C;  5 - Impervious 
core;  6 - Transition  zones  D and  E;  7 - Upstream  supporting  zone. 


The  downstream  cofferdam,  which  was  built  in  the  river  bed  to  wall 
off  the  dam  site,  became  a component  part  of  the  body  of  the  dam  as  its 
downstream  wedge.  The  rest  of  the  rock  fill  for  the  body  of  the  dam  was 
built  up  in  a single  lift  to  the  full  height. 

The  main  prism  of  the  rock  fill  dam  was  built  of  rock  from  excava- 
tions for  other  purposes  and  from  special  quarries.  The  maximum  size  of  the 
stones  was  determined  by  the  capabilities  of  the  loading  and  transporting 
equipment.  No  more  than  15%  soft  and  weak  stone  and  overburden  was  permitted 
in  the  main  prism. 

The  watertight  earth  sloping  core  was  protected  below  with  three  and 
above  with  two  layers  of  transitional  filter  materials.  Natural  sand 
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was  used  in  transition  zones  A and  B,  while  different  grades  of  crushed  rock 
from  excavations  for  other  purposes  were  used  in  zones  B,  C and  D*  6.3- 
38.1  mm  in  zone  B,  76.2-177.8  mm  in  zone  C,  and  38.1-177.8  am  in  zone  D. 

In  preparing  the  foundation  for  the  dam  below  the  sloping  core  and 
the  transition  zones,  the  unconsolidated  deposits  were  removed  entirely 
down  to  solid  rock.  This  work  was  begun  with  bulldozers  and  drag  lines,  and 
final  cleanup  was  done  with  water  jets  from  monitors  and  manually.  The 
rock  slopes  of  the  banks  adjacent  to  the  dam  were  cut  away  with  explosives 
to  give  a gradient  of  2s 1.  Concrete  was  used  for  best  attachment  of  the 
dam  core  to  the  foundation  and  to  smooth  out  the  unevenness  of  the  foundation 
Only  clay  and  sand  deposits  were  removed  from  the  foundation  of  the  dam 
within  the  area  of  the  main  rock  fill  prism  and  transition  zones  C and  D. 
Loose  deposits  (gravel  and  boulders)  were  not  removed.  The  rock  foundation 
under  the  core  of  the  dam  was  grouted. 

The^sloping  core  of  the  dam  was  made  of  clay  having  a density  of 
2.7  tons/m  , a plasticity  of  28.1,  a content  of  clay  separates  equal  to 
58Z,  and  a percolation  coefficient  of  A«10'  m/sec. 

The  clay  was  packed  with  13-ton  pneumatic-tired  rollers  in  15-cm 
layers.  At  the  higher  levels,  where  the  core  was  thinner,  the  loam  was 
compacted  only  with  bulldozers.  The  loam  was  placed  mainly  during  the  warm 
season,  but  at  the  end  of  September  1959  (when  the  dam  was  already  6 m 
below  the  planned  level)  difficulties  appeared  in  relation  to  the  freezing 
of  the  clay.  Placement  of  the  core  continued  with  the  addition  to  the  loam 
of  a 78Z  solution  of  calcium  chloride  at  a rate  of  3 kg/m3.  The  loam  was 
placed  one  small  area  at  a time.  The  loam  still  froze,  however,  and  it 
was  necessary  to  stop,  cut  away,  and  remove  the  frozen  surface  layer  (the 
frozen  layer  removed  was  sometimes  as  thick  as  15  cm). 

Placing  of  the  loam  went  on  this  way  at  daytime  temperatures  from 
+1.7°C  to  -5.6°C.  As  the  outside  air  temperature  dropped,  the  clay  was 
placed  in  a special  enclosure  covered  with  polyethylene  film.  Within  the 
enclosure  the  temperature  was  kept  within  a range  of  +1.7°C  to  -3.9°C.  As 
the  loam  was  packed  in  place,  the  enclosure  was  moved  along  the  core.  The 
amount  of  chloride  added  to  the  loam  was  increased  to  6-9  kg/m3  and  work 
continued  as  long  as  outside  air  temperatures  were  -18°C  or  higher. 

In  building  the  central  dike  of  this  installation  (which  was  260  m 
long)  as  well  as  the  No.  1 west  dike  connecting  the  spillway  to  the  right 
bank  and  the  No.  1 east  dike  connecting  the  power  station  building  with  the 
left  bank,  permafrost  containing  lenses  of  ice  was  stripped  completely  down 
to  the  bedrock  (see  Figure  5-21). 

Several  small  marginal  dikes  up  to  1.8  m high  were  built  along  the 
edges  of  the  reservoir  to  prevent  flooding  of  various  low  areas.  Only 
the  topsoil  was  removed  to  prepare  the  foundation  for  these  dams.  The  dams 
were  built  during  the  winter  by  placing  earth  from  borrow  pits  located  close 
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Co  Che  dams.  As  Che  loam  was  placed  in  che  body  of  che  dam  occasional 
lumps  of  frozen  ground  were  included.  These  were  broken  up  wich  bulldozers. 
A cocal  of  4,130  nr  of  loam  was  placed  in  Chese  dams  (see  Figure  5-22). 


Figure  5-21.  Kelsey  No.  1 ease  dike. 

1 - Dike;  2 - Drainage;  3 - Permafrosc  subjecc  Co  ehermal 
subsidence;  4 - Oucline  of  excavacion;  5 - Surface  of  che  rock. 


Figure  5-22.  Marginal  dike. 

1 - Fill;  2 - Drain;  3 - Foundaeion  afeer  clearing  away  Copsoil. 

Keys  x - NHL. 

Experience  wich  che  conscruccion  of  cwo  of  che  laeeral  dikes  is  of 
parcicular  inceresc  — No.  2 ease  and  No.  2 wesc,  where  chawing  of  che 
encire  layer  of  compressible  permafrosc  suscepcible  eo  ehermal  subsidence 
in  che  foundaeion  is  permicced  during  operaeion  of  che  facilicy. 

Each  dam  is  aboue  600  m long  wich  a maximum  heighc  of  6 m.  The 
foundaeion  of  chese  dams  concains  a cop  layer  of  peacy  earth  from  0.3-1. 2 m 
chick.  Below  chis  is  mud  and  a layer  of  moraine  more  chan  6 m chick  under- 
lain by  bedrock. 

The  maximum  ehickness  of  Che  unconsolidaeed  material  is  14  m,  wich 
an  average  ehickness  of  6-8  m. 

The  encire  layer  of  compressible  earch  is  permanencly  frozen,  and 
permafrosc  of  all  cypes  is  found  — from  plascic  co  hard-frozen.  Ice  is 
presene  in  che  ground  as  small  cryseals  and  lenses  up  co  15  cm  chick.  In 
some  places  lenses  of  unfrozen  ground  are  found  (caliki).  The  accive  layer 
is  aboue  0.9  m Chick. 


Water-saturated  and  moist  ground,  of  course,  has  a low  shear  strength 
When  dams  are  built  on  such  ground,  foundation  material  can  disintegrate, 
and  in  order  to  prevent  this,  steps  are  taken  to  speed  up  consolidation  of 
weak  materials. 


Compressive  deformation  of  the  ground  takes  place  chiefly  through 
reduction  in  the  volume  of  pores  within  it,  since  reduction  in  the  volume 
of  skeletal  particles  has  an  insignificant  influence  on  this  process.  If 
the  pores  in  the  ground  are  completely  full  of  water,  compression  can  take 
place  only  when  excess  water  is  removed  from  the  pores. 


The  process  of  consolidation  of  relatively  impermeable  clay  materials 
in  the  foundation  of  a dam  is  very  slow,  since  it  can  be  compacted  only 
after  the  water  that  fills  the  pores  is  squeezed  out.  In  ground  of  this 
type  the  compressive  stress  produced  by  loading  is  initially  applied  to  water 
in  the  pores  of  the  ground.  Then,  as  time  passes,  some  of  the  water  is 
forced  out  into  more  permeable  adjacent  areas.  At  the  same  time  the  solid 
skeletal  particles  are  more  closely  approximated  and  the  ground  is  capable 
of  accepting  some  of  the  load  imposed  upon  it. 


Thus  through  consolidation  the  density  of  the  ground  gradually 
increases  as  a natural  result  of  its  own  weight  or  that  of  a structure  built 
on  it. 


According  to  the  theory  of  seepage  consolidation,  the  compaction 
time  for  a layer  of  saturated  ground  is  proportional  to  the  percolation 
coefficient  and  the  square  of  the  thickness  of  the  layer  of  ground  compacted 
Since  the  strength  and  deformation  characteristics  of  the  ground  increases 
as  it  is  compacted,  there  is  a need  to  speed  up  this  process.  One  of  the 
techniques  for  speeding  up  the  process  of  ground  compaction  is  the  construc- 
tion of  vertical  sand  pile  drainst  sand  drains  are  built  in  the  layer  of 
saturated  ground  being  compacted,  so  that  pathways  for  the  movement  of 
water  squeezed  out  of  the  compacted  ground  are  reduced  and  the  compaction 
time  is  abbreviated. 


When  drainage  of  this  sort  is  provided,  excess  pore  water  is  removed 
from  the  layer  of  ground  in  a radial  direction  toward  the  sand  pile  drains 
over  much  shorter  routes.  The  depth  of  the  drain  holes  depends  on  the 
thickness  of  the  layer  being  drained.  Caps  of  sand  are  placed  at  the  top 
of  the  vertical  sand  drains  as  well  as  horizontal  drains  to  carry  the  water 
away.  The  combined  drainage  system  (sand  caps  and  vertical  drains) 
promotes  consolidation  of  the  dam  foundation  through  shortening  the  distance 
through  which  water  moves  as  it  is  squeezed  out  of  the  pores  in  the  ground. 

Since  thawing  of  the  foundation  materials  at  the  Kelsey  installation 
is  unavoidable,  free  settlement  of  the  dams  is  possible  without  disturbing 
the  stability  of  the  ground  as  a whole. 


Because  of  the  high  ice  content  in  the  clay  foundation  materials  and 
their  low  permeability  after  thawing,  they  lose  bearing  capacity.  Therefore 


sand  pile  drains  25-40  cm  in  diameter  were  installed  to  promote  drainage  and 
consolidation  of  the  thawing  clay  material  in  the  foundation  of  the  dikes. 
The  distance  between  the  drains  varied  depending  on  the  height  of  the  dikess 
the  distance  was  3 m when  the  dike  was  4.5  m high,  and  6 m when  the  height 
was  less  than  3 m.  The  drains  were  7.6  m deep,  and  the  last  row  of  drains 
under  the  downstream  wedge  was  12  m deep  and  reached  to  bedrock  (see 
Figure  5-23). 


Figure  5-23.  Kelsey  No.  2 east  dike. 

1 - Dike  body  of  sandy  material;  2 - Rock  facing;  3 - Transition 

zone  of  fine  gravel;  4 - Collector  ditch;  5 - Watertight  permafrost 

subject  to  thermal  subsidence;  6 - Rock  surface;  7 - Sand  drains. 

Key i x - NHL. 

The  dikes  wars  built  of  sandy  material,  since  good  packing  was 
possible  during  the  winter.  If  uneven  settlement  of  the  foundation  occurs, 
such  a dike  readily  adapts  to  the  deformations. 

During  the  planning  stags  it  was  found  that  uneven  settlement  was 
possible  because  of  the  Irregular  distribution  of  permafrost  in  the  founda- 
tion, and  such  settlement  might  lead  to  disturbance  of  the  integrity  of 
the  structure.  It  was  thought  that  the  stability  of  the  foundation  is 
determined  by  the  rate  of  thawing,  the  rate  of  drainage  or  redistribution 
of  the  meltwater,  improvement  in  the  shear  characteristics  of  the  thawed 
clay,  etc. 

Judging  on  the  basis  of  the  thickness  of  ice  layers  in  the  ground, 
the  settlement  of  the  dam  should  measure  about  1.8  m.  It  was  also  assumed, 
given  rapid  drainage  of  the  water  formed  from  the  melting  of  the  ice  layers, 
that  consolidation  of  the  ground  would  keep  pace  with  the  melting,  and  the 
loss  of  foundation  strength  would  be  negligible. 

Seepage  of  water  through  the  permeable  body  of  the  dike  evidently 
is  complex  in  nature.  It  is  assumed  that  the  varved  clay  in  the  foundation 
is  watertight,  and  that  with  a parciculkr  water  level  in  the  reservoir  the 
seasonal  freezing  of  the  dike  from  the  surface  will  reach  some  depth  below 
the  level  of  the  water  in  the  reservoir. 

The  rate  of  thawing  of  the  foundation  depends  on  the  temperature  of 
the  water  and  decreases  considerably  during  the  winter.  During  the  early 
years  the  rate  of  thawing  reached  a level  of  1.5-1. 8 m per  year,  dropping  in 
succeeding  years  to  0.6-0. 9 m/year  with  a clear  tendency  toward  decrease 
with  time. 
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Settlement  was  obssrvsd  during  ehs  period  of  oporatioo  in  the  for* 
of  depressions  at  the  crest  and  on  the  slopes,  giving  the  crest  a wavy 
outline.  Significant  subeidence  of  the  crest  (up  to  1.5  m)  occurred  in  * 
July  1962,  but  during  the  sisweer  the  crest  of  the  dike  was  filled  beck  to 
the  design  level.  Material  was  also  added  to  the  creet  in  1964  and  1966. 
The  maximum  total  settlement  amounted  to  2.2  m (see  Figure  5-24). 
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Figure  5-24.  Settlement  of  Kaleey  Ho.  2 east  dike  [10B], 

Kayt  x - Settlement,  emi  y - Year. 

The  significant  defozmations  of  the  dike  wore  aseoelated  with 
longitudinal  cracks  at  the  crest  and  depressions  la  the  downstroM  slope. 
Scattered  depressions  also  apparently  formed  on  the  upstream  side.  Sut 
no  transverse  cracks  were  reported.  Uogltudlnal  creeks  from  2.5-5  cm 
wide  and  0.6-0. 9 a deep  formed  mainly  in  the  unconsolidated  layer  placed 
on  top  of  the  main  sand  core.  At  the  end  of  1967  settlement  of  the  founda- 
tion measuring  1 a and  1,5  a was  recorded  where  the  full  depth  was  5.6  a 
and  4.8  a,  respectively.  At  one  of  the  points  of  asasuremont  the  settlement 
was  0.5  a with  a dlks  height  of  2.4  a [lOt]. 

e 

The  rate  of  settlement  of  the  ground  corresponds  to  tha  rats  of 
thawing  of  tha  foundation.  Hut  tha  variation  in  chewing  intensity  diminishes 
quits  rapidly  with  foundation  depth,  and  the  nature  of  the  variation  in 
intensity  of  subsldonea  remains  practically  ths  seas  from  year  to  year  at 
any  depth.  Tha  intensity  of  subsidence  decreases  with  tins. 


Tha  successful  construction  and  operation  of  the  dans  at  tha  Kelsey 
installation  where  sand  pile  drains  were  used  in  the  foundation  shew  that 
the  solution  adopted  was  correct. 

2.  The . jftttlo  Hydroelectric  Power  Station  on  the  Nelson  liver  is 
located  160  km  from  the  Kelsey  Hydroelectric  Power  Station. The  engineering 
geology  and  frozen-ground  conditions  of  the  entire  area  where  the  Kettle 
Power  Station  dam  was  built  are  similar  to  those  described  for  the  Kelsey 
Station. 

The  construction  at  the  Kettle  installation  includesi  a 1,000,000  kw 
electric  power  station,  a fixed  concrete  dam,  a sluiceway,  and  earth  dams 
running  to  the  left  and  right  banks.  In  addition,  to  reduce  the  area  of 
land  flooded,  five  marginal  dikes  and  two  dams  were  built  along  the  sides 
of  the  reservoir.  At  this  installation,  just  as  at  the  Kelsey  Hydroelectric 
Power  Station,  the  principal  structures  (the  dam,  the  power  station,  and 
the  sluiceway)  are  located  on  a rock  foundation. 


Figure  5*23.  Left -bank  Kittli  4m.  * 

l - SMlpttMtbli  Class  2A  material}  2 - Cora,  Class  1 material i 
3 - Flltsr,  Class  4 aaesrlali  4 - Fllcsr,  Class  3 aaesrlali  3 - Down 
serosa  oofferdaaj  7 - Facing,  Class  3 earths  S - Blprap  (Class  9) 
on  crushed  took  fllcsr  (Class  3)i  9 • Sand  with  trays 1 and  oobblssi 
10  - look  surface j 11  • Grout  curtain  is  foundation  of  cors. 


Ths  marginal  dikss  and  daas  are  bassd  on  ice-saturated  psrmafrost 
and  ehslr  as t hod  of  construction  is  quits  similar  to  that  ussd  at  ths  Kelsey 
Power  Station. 


Ths  earth  daa  connecting  to  ths  left  bank  is  760  a long  with  a 
aaxlaua  height  of  40  a.  It  was  designed  with  a Class  1 central  cors  of 
iapetaaable  earth,  and  the  lateral  priaas  of  Class  2A  seal permeable  earth. 
The  construction  of  the  dan  is  shown  In  Figure  3-25,  and  the  particle  size 
distribution  of  the  materials  used  is  presented  in  Figure  5-26. 


Figure  3-26.  Particle  size  distribution  of  materials  in  the 
Kettle  daa. 

Keyi  s - Crushed  rock  (Class  5);  t - Rock  (Class  6);  u - Rock 
(Class  7)|  v - Rock  (Class  8){  w - Rock  (Class  9)i  x - Content,  Z| 
y - Grain  size,  na ; z - Class. 


Friable  material  in  the  foundation  of  the  dam  was  stripped  down  to 
the  rock  only  under  the  central  core.  The  plan  called  for  grouting  the 
rock  foundation  of  the  dam  to  connect  with  the  core. 
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tho  n.h/hf!* JL? reatment  was  chosen  for  the  earth  dam  connecting  with 

kV  Thilda°  w!s  d®slSned  to  be  about  300  m long  with  a maximum 
height  of  48  m (see  Figure  5-27).  Since  the  compressible  earth  in  the 
foundation  of  the  dam  was  quite  thick  (up  to  30  m),  connecting  the  central 
core  with  the  rock,  as  was  planned  for  the  channel  and  left-bank  dams, 
would  make  it  necessary  to  dig  a deep  excavation  and  remove  considerable 
quantities  of  earth.  Therefore  in  this  area  it  was  decided  to  remove  from 
the  foundation  only  weak  materials  which  would  lose  their  bearing  capacity 
when  thawed,  leaving  the  compact  boulder  clays  and  sandy-gravelly  and  rubble 
material  covering  the  rock.  In  order  to  assure  integrity  of  the  structure 
it  was  planned  to  build  an  antiseepage  curtain  along  the  axis  of  the  dam, 
butting  it  into  the  rock  foundation.  Drainage  was  also  provided  under  the 
downstream  wedge  in  the  form  of  vertical  sand  pile  drains  with  an  outlet 
^ horizontal  drainage  in  the  foundation  of  the  downstream  supporting 


Figure  5-27.  Right-bank  Kettle  dam. 

* ~ r*'  Cl***  1 material i 2 - Lateral  prism.  Class  2 A material ; 

3 - The  same.  Class  3;  4 - Riprap  on  crushed  stone;  5 - Compact 

grouted  boulder  clays;  6 - Sand  with  cobbles  and  gravel;  7 - Rock; 

8 - Antiseepage  curtain;  9 - Drainage  shaft;  10  - Drainage  prism; 

11  - Earth  subject  to  subsidence 

As  far  as  the  marginal  dikes  were  concerned  (the  Saddle  Dam,  1230  m 
long  with  a maximum  height  of  40  m,  and  the  Butno  Dam,  3400  m long  with  a 
maximum  height  of  20  m),  which  were  built  along  the  sides  of  the  Kettle 
reservoir,  different  structural  designs  were  adopted  depending  on  the 
engineering  geology  and  frozen-ground  conditions,  but  both  were  built  as 
unfrozen  dams  permitting  thawing  of  the  foundation  during  the  period  of  use 
(see  Figure  5-28), 
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Figure  5-28.  The  Saddle  dam. 

1 - Semipermeable  Class  2A  material;  2 - Core,  impermeable  earth. 
Class  1;  3 - Rock  toe.  Class  6 material;  4 - Permeable  material, 
Class  4;  5 - Permeable  material.  Class  5;  6 - Dense  ground  moraine 
loams. 


5-5.  FROZEN  DAMS  IN  WHICH  THE  EARTH  IS  FROZEN  IN  LAYERS 


The  building  of  frozen  dams  is  based  on  the  idea  of  utilizing  the 
waterproof  properties  of  frozen  ground  in  operating  the  dam.  The  dams  are 
built  of  frozen  ground  which  is  frozen  together  in  layers  and  then  the 
foundation  and  the  body  of  the  dam  are  maintained  in  the  frozen  state  while 
the  dam  is  in  use. 


Frozen  dams  can  be  built  of  frozen  ground  when  the  air  temperatures 
are  negative  and  both  the  foundation  materials  and  the  ground  used  in  the 
body  of  the  dam  are  maintained  in  the  frozen  state.  It  is,  of  course, 
impossible  to  compact  frozen  ground  sufficiently  to  provide  the  necessary 
waterproof  qualities.  Blocks  of  frozen  unconsolidated  ground  are  converted 
into  a watertight  monolith  by  flooding  them  with  water,  which  should  fill 
all  voids  and  pores  in  the  fill. 

Dams  of  this  sort  are  not  discussed  in  the  current  "Temporary 
Instructions  for  Planning  Earth  and  Rock  Fill  Dams  in  the  Far  North" 
(VSN-08-65).  But  frozen  dams  can  be  built  of  frozen  ground.  Dams  of 
frozen  ground  which  is  frozen  together  in  layers  can,  in  our  opinion,  be 
constructed  with  additional  artificial  freezing  of  the  core  while  in  use. 

In  this  case  the  freezing  system  can  be  installed  before  the  blocks  are 
frozen  together  in  order  to  reduce  construction  costs. 

The  prospects  for  building  dams  of  frozen  ground  are  very  attractive. 
Under  particular  conditions,  such  as  when  materials  suitable  for  building 
antiseepage  elements  are  lacking  in  the  vicinity  of  the  construction  site 
or  when  it  is  impossible  to  pack  unfrozen  ground  properly  without  complicated 
engineering  procedures,  this  type  of  dam  may  be  the  most  suitable  for  low- 
pressure  use. 

When  dams  built  of  frozen  ground  are  in  use,  steps  should  be  taken 
to  maintain  the  body  and  the  foundation  of  the  dam  in  the  frozen  state.  This 
is  accomplished  by  providing  the  necessary  thermal  insulation  of  the  slopes 
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and  crest  of  the  dam.  In  addition,  the  crest  of  the  dam  should  extend  above 
the  maximum  water  level  in  the  reservoir  a distance  greater  than  the  depth 
of  seasonal  thawing  at  the  crest  of  the  dam.  This  is  necessary  to  avoid 
having  the  water  reach  the  zone  subject  to  seasonal  thawing. 

An  example  of  a dam  built  of  frozen  ground  is  the  experimental  dam 
built  in  the  winter  of  1963  on  the  Irelyakh  River  at  the  town  of  Mirnyy. 

The  bedrock  layer  consists  of  marly  clays  and  marls  interstratified  with 
limestones.  The  river  channel  alluvium  3.5  m thick  consists  of  sand-gravel 
deposits.  The  frozen  region  under  the  river  channel  is  up  to  7.5  m thick. 

The  dam  was  2b!i  m long  with  a maximum  height  of  4.1  m impounding  a 
head  of  1.5  m of  water.  The  frozen  core  of  the  dam,  which  was  designed  to 
act  as  the  antiseepage  element,  was  built  by  packing  frozen  ground  in  layers, 
pouring  water  over  it,  and  freezing  it.  Studies  showed  that  the  ratio  of 
ice  to  earth  was  1:1  by  volume,  and  the  density  of  the  ice-earth  mass  was 
1.2-1. 5 tons/m r.  The  top  of  the  frozen  core  of  the  dam  was  covered  with  a 
thermal  insulation  layer  of  earth  thicker  than  the  depth  of  seasonal  ground 
thawing  in  the  region. 


The  crest  of  the  dam  was  2.75  m higher  than  the  maximum  water  level 
in  the  reservoir,  and  the  top  of  the  frozen  core  was  1.1  m above  the  maximum 
water  level  in  the  reservoir  (Figure  5-29). 


Figure  5-29.  Experimental  dam  made  of  frozen  ground  on  the 
Irelyakh  River. 

1 - Frozen  ground  placed  and  saturated  with  water;  2 - Frozen  ground 
placed  without  pouring  water  on  it;  3 - Unfrozen  ground  placed  in 
the  spring. 

Key:  x - NHL. 

The  downstream  slope  of  the  dam  was  covered  with  a thermal  insulation 
layer  of  frozen  ground,  and  the  upstream  slope  with  a layer  of  unfrozen 
loam,  which  was  rolled  in  the  spiring.  The  covering  on  the  upstream  slope 
was  built  as  an  apron. 

The  design  of  the  dam  was  crude  and  the  desired  temperature  regime 
was  not  maintained  in  it,  but  it  is  of  considerable  interest  as  the  first 
attempt  to  build  a dam  of  this  type. 

The  frozen  core  can  be  recommended  for  building  low-head,  low- 
performance  dams,  provided  steps  are  taken  to  cut  off  the  thawed  zone 
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under  Che  river  bed  completely  and  reliably  and  provided  that  the  frozen 
core  is  not  permitted  to  thaw  where  it  comes  in  contact  with  the  spillway. 

Building  a frozen  core  only  in  the  floodplain  segments  of  a dam  is 
possible  and  feasible,  but  unless  the  thawed  zone  below  the  stream  bed  is 
cut  off  during  use  it  is  not  very  reliable.  Construction  of  an  apron  and 
building  the  upstream  slope  of  unfrozen  loam,  i.e.  of  a relatively  impermeable 
material,  will  tend  to  reduce  thawing  of  the  frozen  core. 

The  Institute  of  Permafrostology  of  the  Siberian  Division,  USSR 
Academy  of  Sciences,  in  the  winter  of  1961  conducted  a very  interesting 
experiment  on  layer-by-layer  freezing  at  Mirnyy  in  order  to  gather  field  data 
on  the  construction  of  dams  from  frozen  ground. 

Three  experimental  mounds  of  fill  measuring  10x30  m and  2 m high  were 
built  of  frozen  blocky  earth  (see  Figure  5-30).  Each  mound  was  built  by 
successive  freezing  of  layers  of  different  thickness  (10,  20,  and  40  cm). 

In  order  to  obtain  different  ratios  of  water  to  earth,  each  experimental 
mound  was  divided  lengthwise  into  three  zones  and  the  earth  in  each  zone  was 
compacted  to  a different  extent:  no  compaction,  compaction  by  three  passes 
ofanS-80  bulldozer,  and  compaction  by  ten  passes. 


Figure  5-30.  Frozen  fill  experiment. 

1 - Wetting  down  a layer  of  earth;  2 - Smoothing  a layer; 

3 - Dumping  a layer;  4 - Ridges  of  snow. 

Frozen  ground  delivered  to  a zone  of  a mound  was  smoothed  out  with 
a bulldozer  and  compacted  by  a definite  number  of  passes  by  the  bulldozer. 
This  broke  up  the  lumps  of  frozen  ground,  and  individual  large  lumps  were 
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removed  from  the  plot.  Then  the  plot  was  flooded  with  water  after  building 
a ridge  of  snow  around  it. 

The  water  was  poured  on  all  at  once,  since  sprinkling  the  surface 
of  the  layer  formed  a crust  which  prevented  complete  saturation  of  the 
earth  in  the  layer  added. 

The  average  daily  air  temperature  during  the  operation  varied  from 
-29.8°  to  -7.3°C,  with  an  average  temperature  during  the  period  of  freezing 
operations  of  -19.2°C.  Wind  speed  did  not  exceed  1-3  m/sec. 

At  temperatures  of  -25°C  the  water  in  the  ground  froze  after  40  min, 
while  at  -8  to  -12°C  freezing  of  a layer  took  1-1.5  days,  depending  on  the 
thickness  of  the  layer.  Special  pits  were  dug  to  monitor  the  freezing  of 
the  layers. 

Good  saturation  of  the  layers  was  observed  during  the  experiment, 
and  the  porosity  of  the  ice-earth  mass  was  negligible.  'Kerosene  was  used 
to  determine  the  percolation  capacity  of  the  ice-earth  mounds.  This  was 
poured  into  holes  bored  in  the  material.  The  kerosene  level  in  the  holes 
remained  unchanged  for  two  weeks. 

The  experiment  showed  that  the  earth  in  all  nine  fill  plots  was 
ice-saturated,  did  not  permit  seepage,  and  contained  sufficient  reserves 
of  "cold.”  The  water-earth  ratio  depends  on  the  degree  of  compaction:  it 
was  less  in  areas  compacted  with  ten  passes  of  the  bulldozer  than  in  areas 
stacked  without  compaction.  Maximum  accumulation  of  cold  within  the  mound 
was  observed  in  the  areas  with  the  minimum  water-earth  ratio,  and  vice 
versa.  A water-earth  ratio  of  1:2.5  (by  weight)  can  be  considered  optimum 
for  layer-by-layer  freezing. 

A dam  up  to  12  m high  can  be  built  during  one  winter  season  by  placing 
layers  40  cm  thick. 

The  search  for  economic  methods  of  building  dams  from  frozen  materials 
in  the  Far  North  is  now  directed  toward  wider  use  of  the  watertight  properties 
of  frozen  ground. 

We  have  proposed  a technique  for  building  water-retaining  structures 
in  the  Far  North  using  any  materials  available  at  the  construction  site, 
including  clay,  sand,  mud,  gravelly  sand,  or  other  cohesive  frozen 
materials,  plant  and  moss  materials,  etc.  These  materials  are  packed  into 
the  core  of  the  dam  in  layers  0. 5-1.0  m thick  without  special  requirements 
as  to  density  (see  Figure  5-31).  After  placement  each  layer  is  flooded  with 
water  until  completely  saturated,  i.  e.  until  all  voids  in  the  layer  of 
earth  are  full.  The  water  freezes  and  imparts  a monolithic  structure  to 
the  earth,  forming  a dense,  impermeable  ice-earth  core.  Where  necessary  to 
prevent  leaks  into  the  lateral  prisms,  a film  is  applied  to  the  interface 
when  a layer  is  put  in  place,  and  in  order  to  avoid  tears  in  the  film,  a 
thin  protective  layer  of  dry  sandy  earth,  peat,  or  snow  is  put  down. 
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Figure  5-31.  Engineering  diagram  for  building  an  ice-earth  anti- 
seepage core  in  a dam. 

a - Initial  Stage;  b - Final  stage. 

1 - Upstream  wedge;  2 - Freezing  shaft;  3 - Ice-earth  core; 

4 - Downstream  wedge;  5 - Polymer  film;  6 - Tooth  of  core. 

The  upstream  and  downstream  supporting  prisms  of  the  dam  are  built 
up,  as  in  construction  under  ordinary  conditions,  of  any  available  earth  in 
layers  1. 0-2.0  m thick  slightly  in  advance.  A trench  is  formed  in  the  core 
zone,  into  which  is  packed  the  material  for  the  future  ice-earth  core. 

A dam  with  this  sort  of  ice-earth  antiseepage  core  can  be  used  with 
or  without  subsequent  freezing.  This  has  been  demonstrated  by  the  successful 
use  of  dams  made  of  materials  from  the  ground  (Ege-Khaya,  Oyuur-Yurege,  the- 
temporary  dam  on  the  Irelyakh  River,  the  dam  on  the  Nalednaya  River,  etc.), 
the  bodies  of  which  froze  as  a result  of  outside  air  temperatures  below 
freezing.  This  would  also  be  enhanced  by  winter  filling  of  the  supporting 
prisms,  which  as  experience  has  shown,  introduces  a considerable  quantity 
of  cold  into  the  body  of  the  dam.  This  cold  persists  when  outside  air 
temperatures  are  positive,  a fact  of  particular  importance  for  the  downstream 
wedge.  As  for  the  upstream  wedge,  which  during  the  use  of  the  dam  is  always 
subject  to  the  influence  of  the  positive  temperatures  of  the  reservoir,  in 
order  to  reduce  heat  and  mass  exchange,  i.e.  to  reduce  the  influence  of 
reservoir  heat  on  the  frozen  core,  it  is  desirable  to  build  the  upstream 
wedge  of  less -permeable  earth. 

To  assure  reliability  of  such  dams,  it  is  necessary  to  build  a 
supplementary  cooling  system  into  the  ice-earth  core  built  at  negative 
temperatures.  The  cooling  columns  should  be  installed  from  the  level  of 
the  foundation  in  order  to  reduce  the  amount  of  boring  necessary. 

The  use  of  ice-earth  cutoff  cores  in  dams  made  of  natural  materials 
permits  us  to  build  them  at  any  time  of  the  year,  and  specially  treated  earth 
is  not  required  for  the  core  of  the  dam.  The  dam  can  be  built  of  any  earth 
materials,  construction  time  is  reduced,  the  dam  is  placed  in  operation 
more  quickly,  and  its  cost  is  reduced. 
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Until  we  have  more  experience  in  bulding  and  operating  such  dams, 
they  can  be  recommended  only  for  low  heads  of  water.  When  appropriate  studies 
have  been  completed,  we  feel  that  dams  of  this  type  could  be  built  also 
for  higher-head  use. 


5-6.  DAMS  OF  FROZEN  EARTH  IN  WHICH  THAWING 
IS  PERMITTED  DURING  OPERATION 


Further  search  for  new  efficient  methods  of  building  dams  on  permanently 
frozen  foundations  has  produced  a method  for  building  dams  of  frozen  ground 
during  the  winter  in  which  the  earth  is  permitted  to  thaw  during  operation 
[9]. 


We  shall  describe  several  examples  of  such  dams. 


1.  Two  dams  of  the  same  design  were  built  in  the  winter  of  1962. 

One  of  them  was  265  m long  at  the  crest  and  6.1  m high.  The  second, 
located  2.3  km  below  the  first,  was  125  m long  and  8.1  m high.  The  anti- 
seepage component  of  the  dams  was  a cutoff  made  of  wood  panels  sunk  into 
the  marly  clay  of  the  foundation,  which  was  ice-saturated  to  a small  extent. 
The  dams  were  connected  to  the  foundation  with  a tooth  2.2  m deep  (see 
Figure  5-32).  Cutoff  panels  ware  erected  on  wood  piles  sunck  in  holes  bored 
along  the  bottom  of  the  tooth.  The  panels  were  made  of  double-layer  25  and 
AO  mm  boards  covered  with  two  layers  of  tarpaper. 
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Figure  5-32.  Dam  made  of  frozen  earth. 

I - Wood  panel  cutoff;  2 - Piles;  3 - Sand-gravel  core; 

4-  Loam  cutoff;  5 - Crushed  stone  bedding;  6 - Facing  of  small 
stones;  7 - Body  of  the  dam;  8 - Topsoil,  mud,  peat;  9 - Ice- 
saturated  loam  with  gravel;  10  - Semiconsolidated  marls; 

II  - Line  of  seasonal  thawing  of  the  ground. 


As  the  frozen  loam  thaws,  the  dam  is  deformed.  Therefore,  in  order 
to  reduce  the  harmful  effect  of  deformation  of  the  supporting  prisms  on  the 
cutoff  walls  and  to  prevent  them  from  failing,  the  cores  of  the  dams  were 
built  of  dry  sand-gravel  mixture,  which  would  also  prevent  piping  if  the 
cutoff  panels  came  apart. 


At  the  seme  time  this  sand-gravel  layer  protected  the  cutoff  panels 
from  mechanical  damage  as  the  frozen  blocks  of  earth  were  packed  into  the 
body  of  the  dam.  The  minimum  thickness  of  the  sand-gravel  layer  in  vertical 
section  was  1.5  m. 

During  the  spring  and  summer  of  the  first  year  of  operation  the 
frozen  marly  loams  of  which  the  dam  was  built  thawed  and  compacted,  so 
that  the  dam  showed  up  to  50  cm  of  settlement. 

The  day  after  the  water  pressure  in  the  left-bank  portion  of  the 
upper  dam  had  reached  the  design  level,  seepage  up  to  6 1/sec  was  observed. 
The  reason  for  the  seepage  was  probably  the ' spreading  of  the  cutoff  panel 
joints  due  to  inadequate  packing  and  rolling  of  the  frozen  blocks  of  loam. 

After  the  downstream  slope  of  the  dam  was  heaped  with  earth  at 
the  site  of  emergence  of  the  seeping  water,  piping  of  the  earth  stopped,  and 
then  seepage  also  stopped  completely.  Seepage  was  not  observed  in  the  lower 
dam. 

2.  A dam  12  m high  and  360  m long  at  the  crest  was  built  of  crushed 
frozen  overburden  materials  — marly  loam  and  semiconsolidated  kimberlite. 

The  earth  was  packed  as  the  dam  was  built  merely  by  the  passage  of  the 
delivery  vehicles  — MAZ-525  dump  trucks.  The  dam  is  a starter  dam  for  a 
tailing  pond,  so  that  the  specifications  for  it  were  those  of  a temporary 
structure.  The  first  spring  flood  was  passed  over  the  body  of  the  dam, 
since  at  this  stage  water  loss  from  the  reservoir  was  not  important.  Because 
of  heat  brought  in  by  water  seepage,  the  frozen  chunks  of  earth  thawed  and 
the  dam  settled  as  much  as  2. 8-3.0  m,  i.e.  up  to  25%  of  the  original 
height.  Loam  fill  was  later  added  to  the  upstream  slope,  and  because  of 
natural  compaction  of  the  main  prism  and  siltation,  seepage  through  the  body 
of  the  dam  gradually  declined,  but  it  stopped  completely  only  in  the  third 
year  of  use,  when  the  temporary  reservoir  began  to  fill  with  the  tailings 
from  the  ore-dressing  plant. 

5-7.  DAMS  WITH  A FROZEN  CURTAIN 

The  waterproof  antiseepage  components  of  dams  with  a frozen  curtain 
are  built  by  freezing  the  earth  in  the  body  of  the  dam  naturally  or  by 
artificial  means.  A frozen  antiseepage  curtain  is  created  by  joining  the 
artificially  frozen  core  of  the  dam  with  the  permafrost  in  its  foundation. 
This  method  of  creating  a curtain  is,  in  our  opinion,  the  best  method  of 
building  structures  to  hold  water  on  permafrost. 

The  earth  is  frozen  by  installing  special  cooling  systems  consisting 
of  freezing  columns  to  admit  cold  air  or  using  brine  as  an  artificial 
coolant. 

As  the  coolant  circulates  in  the  cooling  columns,  ice-earth  cylinders 
form  around  them.  As  heat  is  withdrawn  from  the  core  of  the  dam  and  the 
flow  of  heat  to  the  ice-earth  cylinder  diminishes,  the  diameter  of  the 
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cylinders  increases  until  they  merge  into  an  ice-earth  curtain  (see 
Figure  5-33).  As  the  cooling  system  continues  to  operate,  the  system  gets 
colder  and  the  wall  becomes  thicker.  The  growth  of  the  curtain  depends  on 
the  length  of  time  during  which  the  cooling  installation  operates  and  the 
temperature  of  the  coolant.  Many  factors  affect  the  process  of  freezing 
of  the  earth.  These  factors  include,  above  all,  the  operating  conditions 
of  the  freezing  installation,  the  temperature  and  circulation  rate  of  the 
coolant,  the  thermophysical  properties  of  the  earth  being  frozen,  the  dis- 
tance between  the  cooling  columns,  etc. 


Figure  5-33.  Diagram  showing  the  creation  of  a frozen  ice-earth 
curtain. 

a - Formation  of  an  ice-earth  cylinder;  b - Merging  of  the  individual 
cylinders  into  a curtain.  1,  2 - Internal  and  external  pipes  of 
a cooling  column;  3 - Outlines  of  the  intermediate  ica-earth  cylinder; 
4 - Direction  of  movement  of  cold,  opposite  to  the  withdrawal  of 
heat;  1 - Distance  between  cooling  shafts;  D^,  Dq  - Diameters  of  the 
ice-earth  cylinders,  at  an  intermediate  stage  and  at  the  moment 
of  merging;  D - Thickness  of  the  ice-earth  wall  when  the  curtain 
is  in  use. 


The  rate  and  temperature  of  seeping  water  significantly  affect  the 
of  freezing  of  the  earth  when  seepage  is  involved. 


The  frozen  curtain,  like  every  antiseepage  cutoff  wall  in  the  body 
of  a dam  made  of  earth  materials,  is  the  most  critical  element  of  the  dam 
But  while  seepage  through  the  antiseepage  elements  of  water-impounding 
structures  may  be  permitted  under  ordinary  conditions,  the  appearance  of 
seepage  through  a frozen  antiseepage  element  means  the  beginning  of  its 
total  destruction,  since  it  brings  heat  into  the  body  of  the  dam  and  thus 
destroys  the  ice-earth  wall.  Further  increase  in  seepage  flow  leads  to 
an  increase  in  thawed  spaces  in  the  cutoff  and  to  a partial  or  total  loss 
of  ability  to  resist  seepage. 


The  role  of  the  frozen  seepage  curtain  is  particularly  important 
during  the  initial  period  of  operation  of  the  structure.  Water-impounding 
structures  made  of  earth  materials  are,  of  course,  subject  both- te' settlement 
and  to  displacement  in  the  horizontal  direction  under  the  action  of  hydrostatic 
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pressure.  Since  dams  made  of  earth  materials  are  relatively  flexible 
structures,  they  easily  adapt  to  these  defotmations  without  any  irreversible 
changes,  erosion,  or  loss  of  seepage  or  general  integrity.  At  the  same 
time  the  frozen  curtain  during  the  initial  period  (before  the  downstream 
wedge  freezes)  is  like  a thin  plate  in  the  body  of  a flexible  dam,  which 
is  imbedded  in  the  permafrost  foundation  and  the  valley  slopes. 

After  the  reservoir  has  been  filled,  practically  the  entire  hydro- 
static head  Pw,  which  at  this  stage  is  significantly  larger  than  the  design 
head  impounded  by  the  dam  (Pq),  is  applied  to  this  thin  plate  (see  Figure  5-34). 
Ordinarily  during  operation  the  downstream  wedge  assumes  a negative  tem- 
perature with  the  passage  of  time;  i.e.  it  freezes  and  works  together  with 
the  thin  ice-earth  wall,  acting  as  a support  for  it  (see  Figure  5-35). 

But  during  the  initial  operating  period  the  downstream  wedge  of  the  dam, 
which  is  built  at  various  times  of  the  year  including  the  summer  season, 
remains  unfrozen,  and  until  conditions  stabilize  cannot  be  a reliable 
support  for  the  thin  frozen  wall.  Under  these  conditions  the  ice-earth 
wall  withstands  the  entire  hydrostatic  load  practically  alone. 
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Figure  5-34.  Frozen  ice-earth  curtain. 

1 - Cooling  column;  2 - Core  .of  cohesive  earth;  3 - Supporting  prism; 

4 - Contact  between  the  frozen  curtain  and  the  foundation; 

5 - Zero  isotherm;  Pw  - Pressure  head  applied  to  the  curtain; 

Pq  - Net  head. 

Keys  x - NHL;  y - Pw;  z - PQ. 

Since  the  length  of  this  ice-earth  wall  is  large  in  comparison  with 
its  height,  each  meter  of  length  acts  as  a cantilever  beam  inserted  in  the 
foundation.  As  a result  of  hydrostatic  pressure  the  wall  is  subject  to 
horizontal  and  vertical  deformation  (Al)  and  shifts  toward  the  lower  pool 
(see  Figure  5-3ff).  Bending  fractures  at  the  point  of  insertion  of  this 
cantilever  are  prevented  by  the  fact  that  the  wall  represents  a "strongly 
reinforced  structure."  Here  the  pipes  of  the  cooling  columns  act  as  the 
reinforcement  on  which  the  tensile  forces  act.  These  deformations  also 
take  place  without  the  formation  of  cracks,  since  frozen  ground  — and  this 


97 


Figure  5*35.  Frozen  dam.  • 

1 - Frozen  zone;  2 - Thawed  zone;  3 - Boundary  of  chawing  of  the 
dam  foundation  and  the  bed  of  the  reservoir  due  to  the  heat  from 
the  water. 


Figure  5-36.  Diagram  of  the  deformation  of  a frozen  cutoff  wall. 
1,  2 - Freezing  shaft;  3 - Frozen  cutoff  wall. 

Keyi  x - Ptf. 


Cold-air  freezing  systems  are  ordinarily  used  to  freeze  the  earth 
in  the  body  and  foundation  of  a dam  in  regions  where  the  average  annual 
temperature  is  no  higher  than  -5°C.  Cold  atmospheric  air  is  used  in  such 
systems  during  the  winter. 

The  advantage  of  air  cooling  installations  over  brine  installations 
is  that  much  less  electricity  is  consumed  in  using  this  source  of  cold. 

The  system  of  freezing  column  pipes  in  the  body  and  the  foundation  of  dams 
may  be  installed  in  both  the  vertical  and  the  horizontal  positions. 


The  method  of  building  dams  on  permafrost  is  selected  in  the  light 
of  actual  engineering  geology  and  frozen  ground  conditions.  In  dams  of  the 
frozen  type  uhere  artificial  freezing  is  used,  the  central  core  and  down- 
stream wedge  are  in  the  frozen  state  during  the  entire  period  of  operation, 
and  this  eliminates  seepage  through  the  body  of  the  dam  and  its  foundation. 
Negative  temperatures  are  maintained  in  the  core  and  in  the  foundation  of 
the  dam  by  means  of  the  freezing  system.  The  downstream  wedge  is  frozen 
through  the  effect  of  the  frozen  curtain  in  the  core,  negative  temperatures 
of  the  outside  air,  and  restoration  of  negative  temperatures  in  the  frozen 
foundation. 


The  heat  of  the  reservoir  causes  the  upstream  wedge  of  the  dam  and 
the  foundation  beneath  it  to  thaw  gradually,  assuming  positive  temperatures 
during  the  entire  period  of  operation  of  the  facility. 


Thus  temperature  conditions  in  the  body  and  foundation  of  a frozen 
dam  vary  over  the  cross-sections  the  core,  downstream  supporting  prism  of 
the  dam,  and  the  foundation  benearth  them  are  continuously  in  a frozen 
state,  while  the  upstream  wedge  and  the  foundation  beneath  it  are  unfrozen. 
Structures  of  this  sort  functioning  under  different  temperature  conditions 
have  proved  reliable  in  practice.  At  the  same  time,  of  course,  steps  should 
be  taken  to  maintain  the  established  steady  state  of  heat  exchange  between 
portions  of  the  dam  body  at  different  temperatures.  Factors  causing  unstable 
conditions  of  heat  and  mass  exchange  won't  necessarily  lead  to  a loss  of 
the  established  equilibirum  and  to  a change  in  temperature  conditions  within 
different  parts  of  the  body  of  the  dam.  The  primary  cause  of  disturbance 
of  an  established  temperature  regime  in  the  body  and  foundation  of  a dam 
may  be  the  appearance  of  seepage  through  the  core  or  through  the  foundation 
of  the  dam. 


Thete  are  many  possible  causes  for  the  occurrence  of  seepage  in  frozen 
dams.  It  may,  for  instance,  be  the  consequence  of  improper  placement  of 
the  earth  in  the  core  of  the  dam,  ‘inadequate  compaction  of  the  core,  or  the 
use  of  materials  with  a low  moisture  content  and  high  permeability  coefficient 
in  the  core.  Such  materials  remain  porous  and  do  not  resist  seepage  even 
in  the  frozen  state.  Improper  joining  of  the  core  to  the  foundation  or 
structural  defects  at  the  joints  between  the  core  and  the  valley  sides  may 
also  be  responsible  for  the  occurrence  of  seepage.  Defects  in  the  design 
of  the  freezing  system  or  system  malfunctions  which  may  occur  during  use  can 
also  be  the  reason  for  seepage  in  a dam. 


Among  freezing-system  design  defects  we  might  mention  the  use  of  a 
large  interval  between  freezing  columns,  so  that  the  ice-earth  cylinders 
do  not  merge  and  form  a cutoff  curtain  over  the  entire  profile  of  the  dam 
before  head  pressure  is  applied  to  the  structure,  or  again,  inadequate 
development  of  the  curtain  at  the  juncture  with  the  valley  sides.  In  the 
latter  case,  when  the  reservoir  is  filled,  bypass  seepage  develops  in 
fissured  cock  and  causes  a change  in  temperature  conditions  in  the  dam  and 
its  foundation. 


It  is  particularly  important  to  assure  a good  connection  between  the 
frozen  curtain  and  the  foundation.  To  assure  this  the  freezing  columns 
should  be  sunk  into  the  frozen  ground  of  the  foundation  to  a definite 
calculated  depth.  It  is  essential  that  the  unfrozen  ground  beneath  .the 
stream  bed  be  cut  off  by  the  frozen  curtain,  otherwise  after  the  reservoir 
has  been  filled,  seepage  flow  by  this  route  may  intensify. 

In  summary,  when  the  foundation  is  cleared,  the  tooth  trench  remains 
open  for  some  time  depending  on  how  the  work  goes,  and  this  may  cause  the 
zero  isotherm  to  drop  below  the  planned  installation  level  for  the  frozen 
curtain  piping  system.  In  this  case  a thawed  layer  may  remain  under  the 
core  in  the  foundation.  Therefore  steps  should  be  taken  to  prevent  thawing 
of  the  foundation. 

The  first  attempt  to  make  a cutoff  by  freezing  earth  was  in  the  con- 
struction of  the  Kama  Hydroelectric  Power  Station  (1937),  but  the  work  was 
not  finished  because  construction  of  the  station  was  stopped.  Then  during 
construction  of  the  Gor'kiy  Hydroelectric  Power  Station  (1952-1954)  a 
temporary  frozen  antiseepage  curtain  was  created  in  the  body  of  a'  cofferdam 
along  the  foundation  site  for  the  power  station  and  the  concrete  dam.  This 
was  intended  to  function  only  during  the  period  of  operation  of  the  cof- 
ferdams surrounding  the  foundation  site.  The  curtain  was  1200  m long 
with  853  freezing  columns  spaced  1.40  m apart.  The  columns  were  19-21  m 
high  and  the  coolant  was  calcium  chloride  with  an  average  temperature  of 
-16°C  [94]. 

Seepage  seriously  affected  the  area  of  the  cofferdam  next  to  the  valley 
wall  as  sands  with  percolation  coefficients  of  8-32  m/day  were  being  frozen. 
This  possibility  had  not  been  taken  into  account  in  the  planning.  The  heat 
.flux  introduced  by  the  seepage  interfered  with  the  growth  of  the  ice-earth 
cylinders.  In  order  to  eliminate  the  effect  of  the  seepage  flow  it  was 
necessary  to  install  apparatus  to  lower  the  water  level  ahead  of  the  curtain 
and  to  increase  the  number  of  freezing  columns  and  use  a more  powerful 
codling  plant. 

Thereafter  frozen  antiseepage  curtains  were  widely  used  in  the  con- 
struction of  dams  from  local  materials  on  permafrost.  A number  of  dams 
with  frozen  seepage  curtains  have  now  been  built.  Some  of  these  are  described 


below 


1.  A dam  on  the  Dolgaya  River  was  built  in  1942  near  the  city  of 
Noril'sk.  The  earth  dam  with  an  ice-earth  curtain  and  a puddle-clay  core 
is  10  m high  and  130  m long  at  the  crest.  The  foundation  contains  frozen 
icy  loamy  sands  and  loams.  The  core,  which  is  2-4  m thick,  is  attached  to 
the  frozen  foundation  by  a tooth  3.6  m deep,  which  covers  the  unfrozen 
ground  beneath  the  channel  of  the  Dolgaya  River.  A loam  apron  was  installed 
below  the  upstream  prism  with  a tooth  under  the  toe  of  the  upstream  slope. 
The  dam  was  built  of  sandy  materials  (Figure  5-37).  A thermal  insulation 
layer  of  peat  40  cm  thick  was  applied  to  the  downstream  slope.  An  ice- 
earth  curtain  was  formed  in  the  core  of  the  dam  by  installing  48  freezing 
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columns  of  100  mm  pipe  in  holes.  Pipes  of  smaller  diameter  were  inserted 
in  them.  The  freezing  columns  are  7-15  m long  and  are  sunk  2 m into  the 
foundation. 
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Figure  5-37.  Dam  on  the  Dolgaya  River. 

1»  2 - Core  with  apron;  3 - Riprap;  4 - Loamy  sand;  5 - Drain 
Key:  x - Axis  of  curtain. 


The  ground  was  initially  frozen  with  a brine  cooling  plant.  The 
coolant,  a calcium  chloride  solution,  was  cooled  $>y  cold  air  as  it  circulated 
in  special  tanks  and  in  pipe  mains  (brine  conductors,  distributors,  and 
collectors).  The  brine  was  pumped  from  the  tanks  through  the  main  pipe 
into  the  freezing  columns.  Then  it  moved  through  the  space  between  the 
pipes  and  was  returned  to  the  tanks  via  the  collectors.  The  brine  cooling 
plant  was  used  for  four  years  [27,  94]. 


Experience  in  operating  the  plant  revealed  a number  of  deficiences 
in  the  cooling  system.  Specifically,  cooling  of  the  brine  as  it  circulated 
through  the  outside  pipes  was  not  adequate;  the  brine  temperature  was 
significantly  higher  than  the  temperature  of  the  outside  air  (15-20°C  higher). 
Natural  freezing  of  the  dam  from  the  downstream  slope  did  not  take  place 
because  a snow  cover  up  to  4 m deep  accumulated  on  the  slope.  In  addition, 
when  contaminated  calcium  chloride  was  used,  the  badnlxture  settled  out 
of  solution  onto  the  walls  of  the  freezing  pipes,  and  this  interfered  with 
heat  exchange  between  the  brine  coolant  and  the  earth.  Settlement  accumulated 
at  the  bottom  of  the  freezing  columns  and  obstructed  them.  As  a result  of 
corrosion  of  the  pipes  and  improper  installation  of  some  of  the  freezing 
columns  the  brine  leaked  out  into  the  freezing  ground  and  created  an  un- 
frozen zone  in  the  body  of  the  dam. 


As  a result  of  defects  in  the  freezing  system,  water  which  had 
seeped  through  the  body  of  the  dan  began  to  appear  at  the  toe  of  the 
downstream  slope  after  two  years  of  operation.  Because  of  this  the  brine 
cooling  system  was  replaced  by  an  air  system,  in  which  cold  air  was  forced 
through  an  air  duct  into  the  freezing  columns  with  a high-pressure  fan.  But 
with  this  method  of  delivery  the  air  was  strongly  heated  in  the  fan:  the 
temperature  difference  between  the  atmospheric  air  drawn  in  and  the  air 
forced  into  a column  averaged  as  much  as  10°C.  The  temperature  difference 
between  the  air  entering  the  freezing  columns  and  that  emerging  from  them 
averaged  4.8°C. 


The  method  of  delivery  of  cold  air  to  the  freezing  columns  was  later 
changed:  fans  drew  air  from  the  freezing  columns  and  cold  air  moved  in 
behind  it  directly  from  the  atmosphere.  This  method  of  delivering  air  to 
the  columns  eliminated  the  early  heating  of  the  air  in  the  fan,  but  snow  was 
also  drawn  into  the  freezing  columns  with  the  air.  Changing  the  direction 
of  the  air  supply  made  it  possible  to  increase  the  efficiency  of  the  freezing 
system  1.5-2  times.  In  order  to  prevent  obstruction  of  the  columns,  a 
wooden  roof  was  built  over  the  freezing  columns.  The  temperature  difference 
between  the  outside  air  in  the  gallery  under  the  roof  from  which  the  air  was 
drawn  and  the  air  leaving  the  columns  averaged  5.4°C. 


As  has  already  been  mentioned,  natural  freezing  of  the  downstream 
slope  of  the  dam  did  not  take  place  in  spite  of  the  negative  temperature 
of  the  outside  air  because  of  the  thick  snow  cover  on  the  downstream  slope 


In  1953  a refrigerator  based  on  M,  M.  Krylov's  system  was  built  on 
the  downstream  slope.  This  assured  reliable  freezing  of  the  downstream 
slope  of  the  dam.  Figure  5-38  which  is  borrowed  from  the  paper  by  S.  G. 
Tsvetkova  [97],  shows  the  thermal  regime  of  thi3  dam  before  and  after 
building  a refrigerator  on  the  downstream  slope. 


Figure  5-38.  Temperature  field  in  the  body  of  the  dam  on 
the  Dolgaya  River. 

a - Before  construction  of  the  refrigerator}  b - After  construction 
of  the  refrigerator  on  the  downstream  slope. 


Fifteen  observation  holes  in  two  lines  were  installed  to  make 
systematic  observations  on  the  thermal  regime  of  the  body  and  foundation 
of  the  dam. 
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The  temperature  regime  only  reached  a steady  state  13  years  after 
'!  the  dam  was  placed  in  operation  [27]. 

J 2.  A dam  was  built  on  the  Myaundzha  River  in  1952-1959  to  provide 

j a cooling  reservoir  for  a thermal  electric  power  station.  The  dam  impounded 

a reservoir  of  4,400,000  m3. 

The  Myaundzha  River  empties  into  one  of  the  tributaries  of  the  Kolyma 
River  in  its  upper  reaches.  The  river  is  fed  by  snowmelt  in  the  spring  and 
by  rains  in  the  summer.  A flow  of  338  nr/sec  with  1%  frequency  was  used 
in  planning  the  spillway.  During  the  winter  open  flow  of  the  river  stops 
entirely  and  the  river  freezes  to  the  bottom. 

The  average  annual  precipitation  is  no  more  than  270  mo  (75%  of  the 
precipitation  falls  in  summer  and  fall).  The  snow  cover  is  350mm  deep.  The 
mean  annual  air  temperature  in  the  region  of  the  dam  is  -12.7°C.  The  highest 
mean  monthly  temperature  of>+16.6°C  is  observed  in  June,  and  the  lowest 
(-44°C)  is  observed  in  January.  The  absolute  minimum  temperature  is  -55°C. 

The  bedrock  in  the  foundation  of  the  dam  consists  of  basalts, 
andesites,  and  andesitic  basalts  which  have  been  weathered  to  varying 
degrees.  The  slopes  are  covered  with  diluvial  gravelly  loams,  while  the 
floodplain  and  river  bed  are  covered  by  alluvial  deposits  4-5  m thick. 

Here  and  there  gravel  beds  are  covered  with  a layer  of  peat  and  icy  loamy 
sand  up  to  1 m thick.  The  gravelly  deposits  are  in  a frozen  state,  and 
after  thawing  they  subside  10-15%  without  application  of  external  load. 


Permafrost  is  continuous  in  the  region  of  the  dam  and  180-200  m thick. 
The  depth  of  seasonal  thawing  ranges  from  0.5-3. 5 m.  Beneath  the  channel 
of  the  Myaundzha  River  there  is  a strip  of  unfrozen  ground  20  m deep  and 
wide,  equal  to  the  width  of  the  river. 

The  installation  includes  an  earth  dam,  a concrete  wnir,  and  a bypass 
with  a projecting  spillway.  The  earth  dam,  which  is  850  m long  and  has  a 
maximum  width  of  15.5  m,  is  built  of  gravelly  earth  with  a core  of  local 
loam  6 ra  thick.  A tooth  has  been  cut  into  the  alluvial  deposits.  A layer 
of  peat  was  installed  on  the  slopes  and  crest  to  provide  thermal  insulation 
for  the  frozen  core,  and  a stone  facing  was  placed  on  the  peat  (see 
Figure  5-39). 

The  supporting  prisms  of  the  dam  were  built  of  gravelly  material 
(rough-rolled  chunks  of  clayey  sandstone  of  variable  grain  size,  with  a 
density  in  the  naturally  bedded  state  ranging  from  1. 8-2.0  tons/m3). 

The  material  contained  20-60%  coarse  gravel,  40-60%  gravel,  and  10-20%  sand 
with  an  admixture  of  silt  particles. 

The  core  material  of  the  dam  in  the  borrow  pit  had  the  following 
grain-size  distributions  gravel  and  gruss  40-50%,  and  fine  earth  with 
particles  smaller  than  0.25  m,  15-20%.  The  plasticity  index  ranged 
from  8. 5-9. 3.  The  thickness  of  useful  material  in  the  borrow  pit  was  no 
more  than  1 m. 
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Figure  5-39.  Dam  on  the  Myaundzha  River 
1 - Core;  2 - Sandy-gravelly  material;  3 - Peat;  4 - Sand; 

5 - Riprap;  6 - Alluvial  sandy-gravelly  material;  7 - Weathered 
rock;  8 - Fissured  rock;  9 - Frozen  curtain. 


The  loam  was  recovered  from  the  borrow  pit  with  bulldozers  a layer 
at  a time  as  it  thawed  naturally  and  was  packed  into  the  tooth  of  the  dam 
in  the  thawed  state  at  positive  air  temperatures.  The  loam  in  the  lower 
part  of  the  tooth  was  tamped  manually,  and  thereafter  the  earth  was  compacted 
with  bulldozers  or  10-ton  rollers.  Winter  placement  of  cohesive  earth  was 
attempted  in  January-March  1953  at  negative  temperatures  from  -17°  to  -52°C 
[33].  Frozen  clay  taken  from  the  borrow  pit  was  thawed  at  the  placement  site 
using  a primitive  stove  heater:  about  65-70  m3  were  thawed  in  10  hours. 

Then  the  thawed  earth  was  placed  in  the  tooth  in  10-cm  layers  and  compacted 
manually.  Up  to  10Z  frozen  lumps  were  added  to  the  thawed  ground.  The 
placement  site  was  not  heated,  and  before  the  next  layer  was  put  in  place 
the  previous  layer  had  frozen.  In  spite  of  careful  supervision  of  the  work, 
the  packed  ground  was  so  saturated  with  water  that  it  turned  into  a liquid 
mass  and  was  later  replaced. 


A freezing  system  consisting  of  494  columns  was  sunk  1-2  m into  the 
rock  foundation.  The  distance  between  the  freezing  columns  is  1.5  m in 
the  stream  bed  area  and  2 m in  the  remainder  of  the  dam.  The  columns  are 
16-24  m high. 


The  freezing  columns  consist  of  of  pipes  IDO  and  57  mm  wide.  The 
inside  pipes  are  attached  to  a metal  plenum  from  which  air  is  evacuated  by 
a fan  at  a rate  of  10,000  m3/hr.  The  air  flow  through  one  column  is 
200  m3 /hr.  0ne  ^an  serves  50  columns. 
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With  Che  freezing  system  operating  in  winter  the  radius  of  the  zero 
isotherm  at  a depth  of  10  m was  4 m with  an  average  rate  of  earth  freezing 
of  2 ran /day. 

The  concrete  weir,  which  is  200  m long  at  the  crest,  is  built  on 
rock  at  the  left  valley  slope.  The  spillway  had  a practical  profile. 

The  plan  did  not  provide  for  any  antiseepage  measures  in  the  form  of 
grouting  or  a frozen  curtain  in  the  rock  foundation  of  the  concrete  weir. 
Seepage,  which  was  progressive  in  nature,  was  detected  under  the  weir 
in  August  1955,  one  year  after  filling  of  the  reservoir  began,  at  a time 
when  the  head  of  water  had  not  reached  even  half  the  design  level.  In 
order  to  avoid  substantial  losses  of  water  from  the  reservoir,  steps  were 
taken  to  capture  the  seepage.  Shortly  after  the  reservoir  was  full, 
seepage  was  being  pumped  at  a rate  of  3500  nr/day,  and  in  April  1965  the 
rate  had  reached  more  than  7000  m^/day.  At  the  same  time  not  all  the 
seepage  was  being  captured.  Under  the  influence  of  the  seepage  flow  at 
a water  temperature  of  5°C  the  thawed  zone  in  the  foundation  of  the  weir 
increased  rapidly  in  depth  and  began  to  spread  toward  the  earth  dam,  also 
involving  the  foundation  of  the  adjacent  wall. 


Since  the  thawing  began  to  threaten  the  integrity  of  the  structures, 
the  foundation  was  quickly  grouted  and  the  freezing  system  was  strengthened. 

In  addition  a loam  apron  0.3-0. 5 m thick  was  installed  in  the  area  of  the 
weir.  This  became  a blanket  seal  in  the  river-channel  area  of  the  earth 
dam  and  the  lower  slope  was  faced  with  gravel. 

At  the  end  of  August  1957  the  air  cooling  system  was  replaced  by 
a continuously  operating  brine  system  in  the  river  bed  area  of  the  dam. 

A second  row  of  freezing  columns  spaced  1.5  m apart  was  installed  2 m from 
the  first  row. 

O 

These  steps  reduced  the  seepage  flow  to  1500  m /day  and  stopped  the 
growth  of  the  thawed  zone  under  the  earth  dam. 

In  1961  additional  deep  grouting  was  applied  to  the  thawed  foundation 
of  the  earth  dam  below  the  frozen  curtain  and  also  to  the  rock  foundation 
of  the  weir.  This  tended  to  reduce  the  speed  and  volume  of  the  seepage  and 
made  it  possible  to  create  a continuous  ice-earth  curtain  under  the  earth 
dam.  But  the  temperature  field  in  the  body  and  foundation  of  the  dam  at 
the  beginning  of  1962  had  been  stabilized  only  in  those  areas  where  no 
seepage  was  observed. 

The  zero  isotherm  in  the  body  of  the  earth  dam  and  its  foundation 
seven  years  after  the  beginning  of  freezing  is  shown  in  Figure  5-40. 

In  our  opinion  the  principal  defect  in  the  plan  for  this  installation 
that  became  apparent  during  operation  was  that  the  dam  and  the  water-escape 
structure  were  planned  and  built  with  different  temperature  regimes  to  be 
stabilized  during  operation.  The  concrete  weir  was  built  without  preserving  . 
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the  pecmafrosc  in  che  foundation,  and  the  earth  dam  was  built  with  the 
- permafrost  preserved.  As  a result  the  rapid  and  deep  thawing  of  the  permanen- 

tly frozen  fissured  rock  in  the  foundation  of  the  weir  began  to  have  a 
warming  effect  on  the  ice-earth  wall  in  the  earth  dam  itself.  Elimination 
of  this  influence  required  major  repair  work  and  considerable  investment. 


Figure  5-40.  Thawing  in  the  foundation  of  the  dam  on  the 

Myaundzha  River. 

1 - Bypass;  2 - Spillway;  3 - Diluvium;  4 - Crest  of  dam; 

5 - Natural  ground  surface;  6 - Alluvium;  7 - Eluvium;  8 - Depth 

to  which  freezing  columns  were  sunk;  9 - Andesites; 

10  - Argillites;  11  - Andesitic  basalts;  12  - Limit  of  foundation 

thawing. 

Experience  in  the  construction  and  operation  of  this  dam  is  very 
instructive  and  is  definitely  of  interest  to  those  building  dams.  The 
facilities  have  now  been  operating  for  more  than  20  years,  but  it  is  “still 

not  possible  to  say  that  an  established  temperature  regime  exists  so  that 

the  question  of  che  reliability  of  the  dam  cannot  be  considered  entirely 
solved . 

A defect  in  the  design  of  the  dam  is  that  the  tooth  of  the  core  does 

not  extend  deep  enough  into  the  foundation:  the  tooth  is  attached  to  highly 

ice-saturated  alluvial  deposits  and  was  not  cut  into  the  bedrock. 

Another  unfortunate  feature  of  this  dam  is  the  system  for  supplying 
air.  Air  is  forced  into  a header  and  through  the  header  to  the  inside  pipe 
of  a freezing  column.  As  studies  on  the  Irelyakh  Dam  have  shown,  in  this 
sort  of  air  supply  the  air  is  heated  as  much  as  10°C,  which,  of  course, 
reduces  the  efficiency  of  the  system. 

3.  A dam  with  a ’frozen  curtain  was  built  on  the  Irelyakh  River 
in  1964  to  create  a reservoir  for  household  and  industrial  purposes  at  the 
town  of  Mimyy  [8],  and  it  is  properly  considered  unique  among  dams  built 
in  this  country  which  preserve  permafrost  in  the  foundation.  The  design 
and  the  methods  used  to  build  it  were  based  on  the  specific  natural  and 
climatic  conditions  in  the  region  where  it  was  built  (see  Figure  5-41). 
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1 - Automobile  bridge;  2 - Sluiceway;  3 * Cascade  walls;  4 - Dam; 

5 - Frozen  curtain  of  the  dam;  6 - Frozen  curtain  along  the  side 

of  the  sluiceway;  7 - Frozen  curtain  under  the  sluiceway; 

8 - Outline  of  the  thawed  zone;  9 - Tail  race. 

Keys  x - NHL;  y - CPO+O,  etc. 

The  average  annual  temperature  in  the  vicinity  of  the  construction 
site  is  -8.2°C.  The  daily  amplitude  of  air  temperature  fluctuations  in 
mid-August  reaches  33°C  (+22.6°C  during  the  day,  and  -10.5°C  at  night). 
There  is  little  precipitation;  the  average  long-term  precipitation  does 
not  exceed  250  mm/yr  and  this  falls  mainly  in  the  spring  and  summer. 

The  Irelyakh  River  is  fed  mainly  by  surface  runoff.  The  river  is 
characterized  by  a spring  flood,  low  witter  in  the  summer,  and  high  water 
from  showers  in  the  summer  and  fall.  From  50-902  of  the  annual  discharge 
occurs  during  the  summer  (May-June).  During  the  winter,  beginning  in 
October-November  channel  flow  practically  ceases  and  the  river  freezes  up 
completely.  A zone  of  thawed  ground  up  to  10  m thick  persists  under  the 
river  bed,  however,  and  supports  the  flow  of  ground  water. 

The  bedrock  in  the  foundation  of  the  dam  consists  of  marls  and 
marly  clays  with  layers  of  limestones,  dolomites,  and  dolomitized  rocks 
bedded  in  the  form  of  separate  layers  0.5-0. 8 m thick  and  disintegrated  to 
a depth  of  40  m (see  Figure  5-42).  The  cracks  in  the  rock  are  filled  with 
ice  in  the  form  of  veins  ranging  in  thickness  from  0. 6-1.0  cm  to  6-8  cm 
(see  Figure  5-43). 
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13  - Old  river  bed  filled  with  large  and  small  gravel)  14  - Sluiceway 
channel;  15  - Crest  of  dam;  16  - Thawed  zone  below  channel;  17  - Bourn 
of  thawed  zone  below  channel;  18  - Alluvial  deposits  cleared  away  in 
the  river  bed;  19  - Frozen  cutoff  along  margin  of  sluiceway  channel. 
Key*  x - NHL;  y - WL, 


Figure  5-43.  Fissuring  of  bedrock  in  the  foundation  of  the 
permanent  reservoir  dam  on  the  Irelyakh  River 

Alluvial  deposits  in  the  river  bed  area  consist  of  muds  with 
large  and  small  gravel,  muddy  loamsV  and  mixed  gravel  deposits  with  a sand 
filler,  which  are  in  the  permanently  frozen  state  and  contain  up  to  60% 
ice. 

The  alluvial  deposits  on  the  first  floodplain  terrace  consist  of 
muddy  loams  and  muds  with  a high  content  of  plant  residues  and  up  to  60% 
ice.  The  content  of  various  types  of  ice  in  the  muds  reaches  90%.  The 
ice  in  these  materials  is  distributed  uniformly  in  the  form  of  lenses  and 
layers  up  to  0.5  m thick.  Peat  occupies  individual  areas  on  the  floodplain, 
with  lenses  of  fossil  ice  under  the  peat.  The  high  ice  content  of  the 
ground  means  that  it  subsides  significantly  when  thawed.  In  the  unfrozen 
state  these  materials  are  practically  unsuitable  as  a foundation  for  structures 

Table  5-2 

Ground  Temperature  in  the  Foundation  of  the  Irelyakh  Dam 
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Table  5-3 

Ground  Temperature  in  the  Foundation  of  the  Irelyakh  Dam 


Slope 

avnAsiiTo 

Ground 

temperature,  °C, 

at  different  depths  below 

the  surface 

, m 

1.0 

2.0 

4.0 

8.0 

12.0 

1.50 

South 

-11.2  - 
-2.8 

-11.2  - 
-0.2 

-5.6  - 
-1.5 

-3.1  - 
-2.1 

-2.2  - 
-2.6 

-2.6  - 
-1.9 

North 

-14.6  - 
-0.6 

-11.2  - 
-1.3 

-8.4  - 
-2.2 

-4.0  - 
-2.8 

-3.3  - 
-2.6 

-3.3  - 
-2.8 

Data  on  temperatures  in  the  frozen  ground  are  given  in  Table  5-2  and 
data  showing  ground  temperatures  as  a function  of  slope  exposure  at  different 
depths  are  presented  in  Table  5-3. 

The  facilities  include  an  earth  dam  with  a maximum  height  of  20  m 
and  a length  at  the  crest  of  320  m (see  Figure  5-44),  a sluiceway  channel, 
and  an  automobile  bridge,  the  piers  of  which  serve  as  an  ice-protective 
wall. 

The  dam  was  planned  with  a flattened  upper  half-profile  (the  dam  is 
8 m wide  at  the  top  and  115  m wide  at  the  base),  since  after  filling  the 
reservoir  it  is  expected  that  the  foundation  materials  under  the  upstream 
slope  will  thaw  and  subside.  At  the  same  time,  of  course,  the  upstream 
slope  of  the  dam  will  unavoidably  be  deformed  due  to  the  thawing  and  settlement 
of  the  earth, _and  therefore  will  assume  some  new  position  approximating  a 
straight  dam  slope  without  a berm.  It  was  assumed  in  planning  that  over  a 
period  of  50  years  the  ground  in  the  bed  of  the  reservoir  will  thaw  to  a 
depth  of  10  m,  and  that  the  downstream  slope  of  the  dam  will  freeze  over 
its  entire  height  in  30  years  as  a result  of  the  effect  of  outside  air 
temperatures,  the  negative  temperature  of  the  permafrost  in  the  foundation, 
and  the  frozen  curtain. 

The  central  part  of  the  dam  was  built  of  unfrozen  loam,  and  the 
lateral  topping  prisms  of  fine-grained  sand.  The  upstream  slope  of  the  dam 
was  stabilized  with  a layer  of  stones  1.0  m thick,  while  a layer  of  0.5  m 
thick  was  applied  to  the  downstream  slope. 

Statistics  on  the  work  are  as  follows  (in  thousands  of  cubic  meters): 


Excavation 

449 

Including  rock 

214 

Fill 

600 

Including  high  quality  fill 

376 

Stone  facing  of  slopes 

20 

Concrete,  sectional  and  monolithic 

13 

Boring  of  holes  for  the  freezing  system  (meters) 

110 

11,500 
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A layer  of  moss  for  thermal  insulation  1.0  m thick  was  applied  to 
the  crest  and  the  downstream  slope.  It  was  initially  planned  also  to 
build  a thermal  insulation  shield  on  the  downstream  slope  by  freezing  ice 
on  top  and  covering  it  with  sawdust  in  the  summer.  It  was  planned  to  wet 
down  the  sawdust  with  a lime  solution  for  better  reflection  of  the  direct 
rays  of  the  sun,  but  this  decision  was  reversed  during  construction. 


At  our  suggestion  changes  were  introduced  into  the  design  during 
construction.  Specifically,  a tooth  was  planned  to  join  the  body  of  the 
dam  to  the  foundation,  which  in  the  floodplain  and  channel  areas  would  cut 
completely  through  the  unconsolidated  Quaternary  ice-saturated  material 
int6  the  bedrock  a distance  of  0.5  m.  This  made  the  dam  impervious  to 
seepage  and  provided  more  favorable  conditions  for  freezing  the  body  and 
foundation  of  the  dam  during  operation. 


The  dam  was  built  of  unfrozen  materials  but  without  filters  and  drains 
and  it  was  subsequently  frozen  using  an  air  freezing  system  consisting  of 
207  freezing  columns  grouped  in  five  cooling  systems  (see  Figure  5-45). 

The  holes  for  the  frozen  curtain  were  from  8.2-26  m deep  and  spaced  1.5  m 
apart.  They  were  extended  3 m into  the  bedrock. 
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Figure  5-45.  Overall  diagram  of  the  frozen  curtain  in  the  dam 
on  the  Irelyakh  River. 

1 - Crest  of  dam;  2 - Level  of  penetration  of  freezing  columns; 
3 - Freezing  columns;  4 - Permafrost  boundary  under  natural  con 
ditions;  5 - Bottom  of  river. 

Key*  v - System  No.  3,  holes  No.  1-46;  w - System  No.  4,  holes 
No.  47-85;  x - System  No.  5,  holes  No.  86-121;  y - System  No.  5 
holes  No.  122-160;  z - System  No.  7,  holes  No.  161-207. 


A freezing  column  consists  of  two  pipes  — an  outside  pipe  219  mm 
in  diameter  and  an  inside  pipe  189  mm  in  diameter  (see  Figure  5-46).  The 
outside  pipe  is  hermetically  sealed  at  the  lower  end  and  placed  on  the  bottom 
of  the  hole.  The  inside  pipe  is  installed  in  such  a way  that  a space  about 
20  cm  high  is  created  between  its  lower  end  and  the  end  cap  of  the  outside 
pipe.  Air  parses  from  the  annular  space  between  the  pipes  into  the  inside 
pipe,  moves  up  this  pipe,  and  is  expelled  into  the  atmosphere. 


Figure  5-46.  Diagram  of  a freezing  column. 

a - Air  forced  in;  b - Ait  sucked  out.  1 - Outside  pipe; 

2 - Inside  pipe;  3 - End  cap;  4 - Headers;  5 - Valve. 

Keys  x - Air  outlet 

Hater  was  discovered  in  boring  some  holes  in  the  right  floodplain 
segment  of  the  dam.  The  pressure  surface  in  the  holes  was  from  5-12  m above 
the  level  of  the  bottom  of  the  tooth  trench  and  varied  quite  markedly  from 
hole  to  hole.  The  variation  in  the  piezometric  line  showed  no  sort  of  regular 
pattern,  indicating  that  there  was  neither  a continuous  flow  nor  inter- 
communicating separate  volumes  of  water  in  the  foundation  of  the  dam. 

Evidently  the  appearance  of  water  in  the  boreholes  is  the  result  of  change 
in  suprapermafrost  ground  water  conditions  within  the  dam  construction  area. 
After  the  dam  foundation  was  cleared  and  the  trench  was  dug  for  the  tooth, 
the  icy  ground  thawed  to  a greater  depth  than  in  neighboring  areas,  and 
local  thawed  saucers  formed.  This  increased  the  flow  of  ground  water  from 
the  surrounding  area  to  the  right-bank  juncture  of  the  dam,  an  effect  in- 
tensified by  the  fact  that  the  ground  of  the  right-bank  slope,  with  its 
northern  exposure,  had  a high  content  of  ice.  Ground  water  flowed  into 
the  bottom  of  the  trench  as  cracks  opened.  Thus  it  can  be  concluded  from 
what  we  have  said  that  in  building  dams  on  permafrost  we  encounter  the 
formation  of  a localized  hydrogeological  regime. 

Analysis  of  the  altered  hydrogeological  conditions  in  the  foundation 
of  the  dam  showed  that  the  water  found  in  the  holes  bored  for  the  freezing 
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columns  was  in  a state  of  rest  and  would  not  cause  serious  difficulties  in 
freezing  the  dam,  merely  extending  the  time  necessary  to  accomplish  the 
freezing. 

Experinece  with  the  freezing  of  the  core  of  the  Irelyakh  Dam  and 
its  operation  has  shown  that  the  presence  of  ground  water  in  the  foundation 
of  the  tooth  had  no  effect  on  the  progress  of  freezing  and  the  reliable 
operation  of  the  frozen  curtain. 

The  operation  of  the  freezing  system  was  monitored  by  measuring  the 
flow  of  air  and  the  temperatures  of  the  air  entering  and  emerging  from  the 
holes.  The  flow  of  air  was  measured  for  most  of  the  columns,  but  temperature 
differences  were  determined  only  for  characteristic  columns  in  the  system 
located  at  the  ends  and  in  the  middle  of  each  system,  as  well  as  in  columns 
adjacent  to  the  fan.  The  results  of  the  measurements  were  used  to  plot  the 
relationship  tout  * f(t0tftt)  (Figure  5-47).  Using  this  relationship  it  is 
possible  to  obtain  data  on* temperature  differences.  In  some  cases  the 
temperature  differences,  especially  at  the  end  of  the  freezing  period,  are 
positive  in  sign,  indicating  that  during  this  period  heat  is  carried  into 
the  freezing  system. 
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Figure  5-47.  Temperature  of  the  air  emerging  from  the  columns 

(tout:)  as  a function  of  the  temperature  of  the  outside  air 
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The  temperature  drops  in  the  freezing  columns  are  functions  of  many 
vari ablest  the  temperature  and  flow-rate  of  the  outside  air,  the  type  and 
temperature  of  the  earth,  the  length  of  the  column,  and  the  diameter  of 
the  ice-earth  cylinder.  But  during  the  day  it  may  depend  mainly  on  the 
outside  air  temperature  alone. 
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Table  5-4  gives  temperatures  of  the  outside  air  and  of  the  air 
issuing  from  the  columns , as  well  as  the  temperature  drops  for  three  winter 
periods  of  dam  freezing.  As  is  apparent  from  the  data  in  Table  5-4,  the 
temperature  drop  depends  mainly  on  the  temperature  of  the  outside  air. 

Table  5-4 

Air  Temperature  Drops  in  the  Freezing  Columns 


Year  of  observation 

Index 

First 

Second 

Third 

Average  temperature  of  the  outside 
air  during  the  freezing  period, 
°C 

-23.2 

-32.5 

-28.5 

Average  temperature  of  the  air 
emerging  from  the  columns, 
°C 

-11.8 

-19.6 

-16.5 

Temperature  drop,  °C 

11.4 

12.9 

12.0 

The  fozmation  of  ice  plugs  in  the  freezing  column  occurs  as  the 
result  of  unsatisfactory  sealing  of  the  columns  during  the  summer.  Thus, 
in  1964  about  55Z  of  the  total  number  of  columns  were  sealed.  Subsequently 
the  columns  were  sealed  with  layers  of  rubber,  and  this  made  it  possible 
to  reduce  the  number  of  columns  sealed. 

Special  studies  were  conducted  to  determine  heat  losses  and  the 
results  are  summarized  in  Table  5-5. 

Table  5-5 

Temperature  Change  in  the  Freezing  System 
as  a Function  of  the  Temperature  of  the  OUtside  Air 


Outside  air 

temperature, 

oc 

Temperature  in  the  freezing  system,  °C 

Heating  of  the 
air  in  the  fan 
and  header 

At  the 
beginning 
of  the 
header 
beyond 
the  fan 

In  the 
middle  of 
the  header 

At  the  end 
of  the 
header 

-13.6 

-11.1 

-11.5 

-10.3 

-3.3 

-12.4 

-11.5 

-11.1 

- 9.7 

-2.7 

-25.0 

-23.8 

-23.3 

-22.5 

-2.5 
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Growth  in  thickness  of  the  ice-earth  wall  was  monitored  with  mercury 
inertial  thermometers  and  electrical  resistance  thermometers  graduated 
in  degrees  and  tenths  of  a degree  Celsius.  An  array  of  five  thermometers 
was  lowered  into  the  test  hole  at  least  once  a day.  Some  of  the  test  holes 
for  measuimg  temperature  in  the  body  of  the  dam  were  equipped  with  electrical 
resistance  thermometers  spaced  2-5  m apart.  The  temperature  field  in  the 
Irelyakh  Dam  is  shown  in  Figure  5-48. 


Figure  5-48.  Temperature  field  in  the  dam  on  the  Irelyakh  River 

after  six  years  of  use. 

1 - Loam  core;  2 - Sand  covering;  3 - Moss-peat  layer;  4 - Frozen 

curtain  holes. 

The  data  show  that  minimum  temperatures  were  observed  in  the  earth 
after  the  freezing  period  was  finished  and  maximum  temperatures  before  the 
freezing  systems  were  started  up  at  the  beginning  of  winter.  Maximum 
temperatures  in  1966  were  significantly  below  those  in  1965:  before  startup 
of  the  freezing  system  in  the  left-bank  floodplain  segment  a maximum 
temperature  of  -0.9°C  was  observed  in  1965,  while  in  1966  the  same  maximum 
temperature  was  -3.0°C.  The  temperature  in  the  lower  part  of  the  holes  was 
about  -3.0  to  -4.0°C  winter  and  summer. 

It  must  be  reported  that  the  ice-earth  cylinders  did  not  touch  com- 
pletely during  the  first  year  of  operation.  An  unfrozen  "window”  persisted 
in  the  left-bank  floodplain  segment,  but  during  the  next  winter  a continuous 
wall  of  frozen  ground  6 m thick  was  created.  The  wall  thickness  reached 
10  m after  the  freezing  system  had  been  in  operation  for  three  years,  so 
that  the  operating  time  of  the  system  could  be  reduced. 

During  the  first  three  years  of  use  the  system  was  placed  in 
operation  at  outside  air  temperatures  below  -15°C,  and  thereafter  only  when 
air  temperatures  were  -20°  to  -25°C. 

Data  on  the  subsidence  of  the  dam  are  presented  in  Figure  5-49. 

4.  A dam  with  a frozen  curtain  was  built  on  Pavek  Creek  to  provide 
a water  supply  for  the  Pavek  settlement.  The  facility  included  (see 
Figure  5-50)  a dam  464  m long  at  the  crest,  6 m wide,  and  with  a maximum 
height  of  21.4  m;  a spillway  constructed  along  the  left-bank  slope,  and 
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a water-intake  facility  consisting  of  a reinforced  concrete  turret  well 
adjoining  the  upstream  slope.  The  water  intake  was  connected  to  the 
crest  of  the  dam  by  a dike. 


Figure  5-49.  Settlement  of  the  dam  on  the  Irelyakh  River. 

1,  2,  3 - Settlement  of  the  upper  edge  of  the  berm  on  the 

pressure  slope. 

Key:  x - Months;  y - Years. 

The  plan  called  for  making  the  core  of  loam  fill  and  the  lateral 
prisms  of  loamy  sand  with  gravel,  but  the  dam  as  built  was  homogeneous, 
consisting  only  of  loamy  sand  with  gravel.  The  core  was  cut  into  the 
foundation  to  a depth  of  1 m.  The  gradient  of  the  upstream  slope  is 
1:2.5,  and  that  of  the  downstream  slope  1:1.75. 

The  bedrock,  clay  shale,  is  found  at  depths  of  2-8  m on  the  left- 
bank  slope,  and  at  depths  of  8-30  m on  the  right  bank.  The  materials  on 
the  right  bank,  which  has  a southern  exposure,  are  more  weathered.  The 
loose  deposits  covering  the  bedrock  on  the  slopes  consist  of  gravelly  and 
lumpy  earth  containing  loamy  sand  and  a considerable  amount  of  ice. 

On  the  right  slope  there  are  lenses  of  loamy  sand  with  some  mixed 
gravel,  layers  of  gravelly-bouldery  sand,  and  thick  lenses  of  ice.  The 
ice  content  of  the  Quaternary  deposits  varies  from  13-87%.  Subsidence  of 
the  earth  after  thawing  is  considerable. 

The  air  freezing  installation  consists  of  a single  row  of  vertical 
freezing  columns  spaced  2 m apart  (see  Figure  5-51).  The  holes  are  from 
12-29  m deep.  The  outside  pipes  of  the  freezing  columns  are  150  mm  in 
diameter,  and  the  inside  pipes  100  mm.  The  columns  are  grouped  into  three 
systems,  each  with  its  own  16,000  nr /hr  fan. 


Figure  5-50.  Installation  on  Pavek  Creek. 

a - Plan  view;  b - Longitudinal  section  along  the  axis  of  the 
dam.  1 - Supply  channel  for  the  bottom  intake-discharge; 

2 - Spillway;  3 - Frozen  curtain;  4 - Fans;  5 - Crown  of  the 
water  intake;  6 - Intake  area  of  the  spillway;  7 - Freezing 
system  pipes;  8 - Crest  of  the  dam;  9 - Header;  10  - Freezing 
columns;  11  - Insertion  depth  of  the  frozen  curtain; 

12  - Ice;  13  - Trench  beneath  the  conduit  of  the  water  intake; 

14  - Pipe  to  eject  construction  discharge;  15  - Creek  bed. 

Key:  x - NHL. 

The  spillway  was  originally  planned  to  be  a self-regulating  bypass 
around  the  dam  on  the  left  slooe.  It  would  have  a trapezoidal  profile, 
a bottom  width  of  2 m,  1:0.5  slopes,  and  would  be  designed  to  handle  a 
fl'ow  of  5 m^/sec.  As  finally  built,  however,  the  facility  was  planned 
with  a concrete  weir  with  a practical  profile  4.2  m high  and  with  aprons 
to  absorb  the  force  of  the  flow. 


Pi 
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The  counteract  seepage  it  was  planned  to  grout  the  rock  foundation 
under  the  spillway  of  the  water-escape  installation  and  to  construct  a 
concrete  cutoff  wall  in  the  left  junction  of  the  dam. 
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Figure  5-51.  Air  freezing  installation  in  the  dam  on  Pavek  Creek. 


Construction  of  the  facility  was  started  in  1960  and  the  main  work, 
except  for  the  freezing  of  the  foundation  and  body  of  the  dam,  was  completed 
in  1966.  Only  112  of  the  planned  210  freezing  columns  had  been  installed 
at  the  time  the  reservoir  began  to  fill  (in  the  spring  of  1967).  Hence  the 
dam  was  frozen  only  in  the  central  area  with  a short  freezing  time.  Test 
holes  to  observe  temperature  conditions  in  the  foundation  and  body  of  the 
dam  were  not  provided.  Therefore  it  has  not  been  possible  to  determine  the 
extent  of  development  of  the  frozen  curtain  in  the  body  of  the  dam  when 
filling  of  the  reservoir  started  and  to  judge  its  condition  during  operation 
Nevertheless  the  dam  was  placed  in  operation  in  October  1969. 


5.  A dam  with  a frozen  curtain  wall  was  built  on  Oyuur-Yurege  Creek 
where  it  emerges  from  Lake  Oyuur-Kyuyel* . It  creates  a reservoir  for  household 
and  industrial  water  supply  needs  [91], 

The  installation  includes,  in  addition  to  a dam,  a spillway,  an 
ice-retaining  structure,  and  stream-directing  dikes.  A spillway  was  built 
along  the  left  slope  to  carry  flood  waters  around  the  dam.  The  dam  is 
17  m high,  660  m long  along  the  crest,  and  18  m wide  at  the  crest.  The 
crest  is  wide  to  accommodate  piping  for  the  frozen  curtain  and  an  automobile 
road  (see  Figure  5-52). 


Figure  5-52.  Dam  on  Oyuur-Yurege  Creek. 

1 - Stone;  2 - Loamy  sand;  3 - Core;  4 - Road;  5 - Supporting 
prism  of  semiconsolidated  material;  6 - Frozen  curtain. 

The  supporting  prisms  of  the  dam  are  built  of  semiconsolidated  marly 
rock  and  limestones  as  well  as  weathered  diabases.  The  core  of  the  dam, 
tiiich  is  5-12  m wide,  is  cut  into  the  bedrock  a distance  of  6-7  m.  The 
core  is  made  of  fine  loamy  sand  material  with  the  following  granulometric 
composition: 


Particle  size  (mm) 

Content  ( 7. ) 

Particle  size 

(mm) 

Content  (Z) 

>10 

21.8 

0.25-0.1 

2.2 

10-5 

2.5 

0.1  -0.05 

1.2 

5-2 

5.7 

0.05-0.01 

25.8 

2-1 

2.5 

0.01-0.005 

11.5 

1-0.5 

0.7 

<0.005 

24.8 

0.5-0.25 

1.3 

Figure  5-52 

shows  the  temperature 

field  in  this 

dam  during  the  first 

year  of  operation. 

A zone  with  positive 

temperatures  persisted 

in  the  core. 

The  persistence  of  the  unfrozen  zone  evidently  is  explained  by  the  fact  that 
the  tooth  of  the  core  was  built  partly  of  frozen  loamy  sand  material  and 
during  a flood  was  inundated  over  almost  its  entire  length,  so  that  the 
earth  was  heavily  saturated  with  water.  The  body  of  the  dam  froze  completely 
during  the  winter  of  the  second  year  of  operation. 

The  dam  is  in  good  condition  at  the  present  time. 

6.  A dam  with  a frozen  curtain  on  the  Sytvkan  River  in  the  Yakut 
ASSR  creates  a reservoir  of  35,000,000  m-*  for  domestic  and  industrial  water- 
supply  purposes.  This  is  the  largest  dam  in  the  USSR  built  on  permafrost 
with  a frozen  curtain. 

The  construction  sice  is  located  directly  on  the  Arctic  Circle.  The 
climate  of  the  region  is  strongly  continental  with  a long  cold  winter,  a 
short  summer,  and  brief  transition  periods.  The  average  many-year  air 
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temperature  is  -12.7°C.  The  minimum  temperature  is  -65°C  and  the  maximum 
in  summer  is  +35°C.  The  mean  monthly  temperature  in  January  is  -41.6°C, 
and  in  July,  +14.5°C.  The  average  many-ysar  total  precipitation  does  not 
exceed  273  mm.  The  snow  cover  is  about  350  mm  deep.  Th*  Sytykan  River  is 
mainly  fed  by  snow;  ground  water  supply  is  insignificant  because  of  the 
permafrost. 

Stream  flow  during  the  year  shows  a high  spring  flood,  a brief  period 
of  low  water  in  the  summer,  floods  that  are  quite  high  in  summer  and  fall, 
and  complete  interruption  of  flow  in  winter.  During  flood  periods  the  water 
level  rises  as  much  as  1.5  m per  day.  The  river  freezes  up  in  winter,  but 
disconnected  pools  of  water  persist  in  deep  stretches. 

Since  observational  data  on  the  hydrology  of  the  Sytykan  River  were 
not  available  when  planning  started  for  the  dam,  runoff  parameters  at  the 
dam  site  were  established  by  an  analogue  technique.  Discharge  calculated 
by  this  method  was  as  follows: 

Frequency  (%)  0.1  0.5  1 3 5 10 

Discharge  (m3/sec)  398  347  322  284  266  236 

The  bedrock  in  the  foundation  of  the  dam  consisted  of  clay-carbonate 
deposits  in  the  form  of  limestones,  thinly  interstratified  dolomites, 
dolomitized  limestones,  marls,  and  calcareous  sandstones.  The  thickness 
of  the  individual  strata  varies  from  several  centimeters  to  1. 5-2.0  m. 

These  beds  are  irregular  and  their  bedding  is  mainly  horizontal. 

Diluvial  and  alluvial  deposits  cover  the  bedrock.  The  diluvial 
deposits  consist  of  loams  with  large  gravel  and  platy  fragments  of  cal- 
careous rock.  The  alluvial  deposits  contain  fine  sands,  cobbles  and  gravel, 
and  vary  in  thickness  from  1.3  to  5.0  m on  the  floodplain  and  the  left  bank 
terrace  of  the  river.  One  frequently  finds  lenses  and  layers  of  ice  up  to 
2-4  cm  thick  in  the  alluvial  deposits;  the  natural  moisture  content  of  these 
deposits  is  10-74%  and  the  bulk  density  of  the  skeleton  is  1.6-1.96  tons/m3. 
When  thawed  their  subsidence  is  up  to  25-30  cm  per  meterof  thawed  material. 
Scattered  thermokarst  sinkholes  may  form  during  thawing,  and  this  might 
involve  large  seepage  losses  of  water  from  the  reservoir.  The  earth  on  the 
left  floodplain  and  slope  is  highly  supersaturated;  the  unconsolidated 
deposits  contain  large  amounts  of  buried  ice  in  the  form  of  individual 
lenses  with  a maximum  thickness  reaching  1.8  m.  The  loams  on  the  right  slope 
range  in  thickness  from  1.1-2. 7 m,  and  on  the  left  bank  from  2. 0-5. 8 m. 

The  loams  have  the  following  characteristics:  density  1.3-2.27  tons/m3, 
natural  moisture  content  21. 2-93. 5%,  plasticity  index  6.9-10.4,  and  relative 
subsidence  under  a load  of  3 kg/cm3,  from  1.8-40%  or  more.  The  loams  assume 
a fluid  consistency  when  thawed  and  subsidence  is  both  considerable  and 
irregular. 

In  the  less  weathered  semiconsolidated  limestones  and  sandstones 
ice  is  distributed  in  cracks,  and  when  these  materials  thaw,  the  rock  may 
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shift  and  subsidence  may  occur.  The  extent  of  the  subsidence  depends  on 
the  extent  to  which  the  rock  is  broken  up  as  well  as  the  moisture  content. 

In  some  areas  subsidence  may  amount  to  10-15  cm  per  meter  of  thawed  material. 
The  percolation  coefficient  of  the  rock  when  thawed  ranges  from  50  to 
200-300  m/day. 


The  permafrost  is  more  than  300  m thick.  The  active  layer  ranges 
in  thickness  from  1. 5-2.0  m.  The  temperature  of  the  frozen  ground  at  the 
dam  site  is  not  uniform,  varying  over  a wide  range  depending  on  the  com- 
position of  the  ground,  the  distance  from  the  river  channel,  and  the  exposure 
of  the  valley  slope. 


Ground  temperatures  based  on  one-time  measurements  on  the  right  side 
(north  slope)  of  the  valley  and  in  the  floodplain  of  the  river  are  given 
in  Table  5-6. 

Table  5-6 


Ground  Temperatures  in  the  Foundation 
of  the  Dam  on  the  Sytykan  River 


Ground  temperature, dC 


Depth,  m 


Right  bank 


t Flood pTain 


Date  of  observation 


Sept.  15 

Oct.  15 

Seobli  Oct.  15 

Nov^. 

2.0 

—1.0 

• —0.8 

+ 1.0 

—0.2 

—0.3 

4.0 

-2.4 

—2,4 

-0.2 

-0.3 

-0.7 

6,0 

—3.0 

-3.1 

-0.3 

-0.7 

-1.0 

8.0 

-3.0 

-3.0 

-0.7 

—0.9 

—1.1 

10.0 

-3.4 

—3,2 

—0,7 

—1.4 

—1.2 

12,0 

-3.0 

—3.0 

—0.9 

—1.3 

-1.4 

14,0 

—3.0 

-2.9 

—1.1 

— 

-1.7 

16.0 

-2,8 

-2.6 

— 

-1.3 

-1.3 

17.0 

-2.4 

-2.5 

-1.5 

—1.4 

—1.6 

The  dam,  which  is  of  the  frozen  type  with  an  air  freezing  system, 
is  600  m long  with  a maximum  height  of  22  m (see  Figure  5-53).  The 
upstream  and  downstream  prisms  are  built  of  rock  and  semiconsolidated 
material  from  the  excavation  for  the  by-wash  channel.  The  antiseepage  element 
is  a core  made  of  loam,  which  is  joined  to  the  foundation  with  a tooth 
2-3  m deep  cut  into  the  loam  or  the  Ordovician  bedrock. 

The  granulometric  composition  of  the  material  in  the  core  of  the 
dam  is  as  follows: 
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Figure  5-53.  Dam  on  the  Sytykan  River. 

1 - Rock;  2 - Core  of  gravelly  loams;  3 - Sandy-gravelly  material; 
4 - Rock  surface;  5 - Stone  facing;  6 - Insulation;  7 - Backfill 
of  river  bed;  8 - Frozen  curtain. 


The  gradient  of  the  upstream  slope  is  It  3 and  that  of  the  downstream 
slope  is  lt2.5.  There  are  berms  on  the  slopes.  The  slopes  are  faced  with 
riprap  on  a bed  of  crushed  rock.  The  crest  of  the  dam  is  covered  with  a 
thermal  insulation  layer  of  moss  and  mixed  sand  and  gravel  0.5  m thick. 


In  order  to  release  water  from  the  reservoir  for  sanitary  purposes, 
^siphon  discharge  was  designed  of  pipe  1000  mm  in  diameter  with  a capacity 
of  6 nr* /sec.  One  purpose  of  this  facility  was  to  reduce  the  length  of  time 
taken  to  discharge  water  through  the  by-wash,  which  in  turn  significantly 
reduces  the  probability  of  thawing  beneath  it.  Hater  is  discharged  from 
the  siphon  spillway  into  a speed-arresting  well. 


Two  air  cooling  systems  are  being  installed  to  freeze  the  dam  — a 
main  system  and  an  auxiliary  system.  The  main  system  assures  the  creation 
of  a permanent  frozen  curtain  in  the  dam  and  its  foundation.  At  the  juncture 
with  the  right  bank  it  connects  to  a frozen  curtain  running  along  the 
by-wash  channel  to  the  floor  of  the  weir.  The  system  for  creating  the 
frozen  curtain  consists  of  vertical  freezing  columns  spaced  2 m apart. 

The  diameter. of  the  outside  pipes  is  219  mm,  and  that  of  the  inside  pipes 
133  mm.  The  freezing  columns  penetrate  4-7  m below  the  base  of  the  core 
tooth.  In  the  area  of  the  thawed  zone  beneath  the  river  bed  the  freezing 
columns  are  extended  deep  enough  to  freeze  it  completely  and  cut  if  off. 


The  dam  contains  290  freezing  columns  with  a maximum  depth  of  37  m and 
a minimum  depth  of  6 m (the  average  depth  of  the  columns  is  20  m).  The 
total  length  of  the  boreholes  for  the  freezing  columns  in  the  dam  is  5650  m. 
The  columns  are  grouped  into  eight  separate  systems,  each  of  which  is  served 
by  a single  fan. 
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The  cold  air  is  fed  to  the  inside  pipe  from  a header  600  m in  diameter 
and  escapes  to  the  atmosphere  via  the  outside  pipe  through  a second  header. 

Calculation  shows  that  20  m3/hr  of  cold  air  per  meter  of  cooling 
column  is  required  to  freeze  the  ground  and  create  the  ice-earth  curtain. 

The  freezing  columns  are  grouped  in  such  a way  that  14,000  m3/hr  of  cold 
air  is  required  for  each  system. 

The  freezing  system  is  placed  in  operation  when  the  outside  air 
temperature  is  below  -20°C. 

The  dam  was  built  in  two  stages.  After  it  had  been  raised  to  an 
intermediate  height  of  12  m and  the  core  and  foundation  of  the  dam  had 
been  frozen,  the  reservoir  was  filled  with  the  1973  spring  flood,  excess 
water  being  spilled  over  the  crest.  It  is  planned  to  use  the  dam  in  this 
fashion  for  two  years.  At  the  end  of  the  third  year  of  construction,  the 
plan  is  to  raise  the  dam  to  the  design  level,  freeze  it,  and  pass  the  flood 
waters  through  the  operational  bypass. 

A system  of  test  holes  in  three  lines  are  being  installed  to  take 
measurements  on  the  temperatures  in  the  body  and  foundation  of  the  dam 
during  operation. 

Temperatures  in  the  foundation  of  the  by-wash  will  be  monitored  using 
four  rows  of  four  test  holes  each  from  12-25  m deep. 
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Chapter  6 

DAM  CONSTRUCTION  OPERATIONS 

6-1.  CHARACTERISTICS  OF  DAM  CONSTRUCTION 
FROM  LOCAL  MATERIALS  IN  THE  FAR  NORTH 

Construction  operations  in  the  Far  North,  especially  construction 
related  to  the  management  and  use  of  water,  must  cope  with  serious  difficulties 
to  the  cold  severe  winter,  the  universal  presence  of  permafrost,  the 
lack  of  knowledge  about  these  regions,  and  the  absence  of  adequate  experience 
with  construction  under  these  conditions.  Necessary  structural  materials 
are  very  frequently  lacking  in  the  region  and  they  are  difficult  to  provide 
because  of  the  remoteness  and  primitive  state  of  the  areas. 

The  industrial  materials  industry  is  usually  poorly  developed  in 
regions  where  dams  and  related  structures  are  being  built.  Permanent 
transportation  routes  are  lacking.  Because  the  territory  is  so  vast, 
settlement  of  these  regions  is  concentrated  at  particular  locations. 

All  this  makes  conditions  extremely  difficult  for  delivering  con- 
struction cargoes.  Most  of  the  cargoes  usually  arrive  during  the  short 
summer  navigation  season  of  the  rivers,  which  are  used  as  the  highways. 

Final  delivery  is  made  by  winter  motor  roads  made  on  froztn  bogs  and  swamps. 

Under  these  conditions  the  problem  of  maximum  utilization  of  local 
construction  materials  to  build  water-management  structures  is  particularly 
important. 

In  this  region  the  earth  in  borrow  pits  usually  is  extremely  wet. 

It  can  be  dug  and  used  for  construction  only  if  special  steps  are  taken  for 
engineering  melioration  of  the  borrow  pits. 

As  has  already  been  mentioned,  the  warm  season  in  these  regions  is 
so  short  that  it  usually  is  not  possible  to  restrict  the  placement  of 
high-quality  cohesive  earth  fill  to  the  summer  season  alone.  In  winter  this 
work  either  oust  be  delayed  for  long  periods,  and  this  ultimately  leads  to 
disruption  of  the  entire  progress  of  operations,  delaying  completion  and 
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raising  the  cost,  or  one  must  find  ways  to  eliminate  the  seasonal  factor 
from  the  engineering  activities. 

The  existing  technology  for  building  earthen  water-retaining  struc- 
tures, both  in  this  country  and  abroad,  which  is  based  on  accumulated  practical 
experience,  does  not  permit  the  packing  of  cohesive  materials  at  tempera- 
tures below  zero  or  it  allows  such  work  only  within  a strictly  limited 
range  of  negative  temperatures  (usually  no  more  than  -10°C).  On  the  other 
hand,  the  remoteness  of  regions  in  the  Far  North  and  the  exceptionally 
difficult  transport  situation  for  delivering  structural  materials  make  it 
necessary  to  utilize  local  structural  materials  to  the  maximum  extent 
possible  in  building  dams.  For  this  reason  the  problems  of  dam  construction, 
the  search  for  methods  of  prolonging  the  construction  season  and  packing 
cohesive  earth  into  high-quality  fill  at  negative  temperatures  assume 
primary  importance. 

Successful  construction  of  dams  from  local  materials  in  the  Far 
North  requires  the  development  and  implementation  of  a technology  for  placing 
cohesive  earth  both  in  the  summer  and  in  the  winter  at  low  negative  air 
temperatures. 

Year-round  use  of  cohesive  earth  in  dams  and  particularly  in  their 
antiseepage  components  will  permit  more  efficient  use  of  machinery  and 
trucks,  shortening  construction  time  and  eliminating  the  seasonal  pattern 
of  work.  A technology  for  year-round  placement  of  cohesive  earth  had 
essentially  not  been  developed  until  quite  recently,  since  experience  in 
building  dams  of  local  materials  under  the  severe  climatic  conditions  of 
the  Far  North  was  inadequate. 

In  recent  years  water-related  construction  in  the  Far  North  has 
become  quite  widespread.  Some  experience  in  the  placement  of  cohesive 
earth  acquired  in  the  building  of  the  dam  on  the  Irelyakh  River  (1962-1963) 
was  used  in  building  the  dam  for  the  Vilyuy  Hydroelectric  Power  Station. 

A technique  for  placing  cohesive  earth  at  extremely  low  negative  temperatures 
was  developed  and  successfully  used  on  this  construction  project  (1964-1966). 
Thereafter  this  technique  was  used  in  building  the  dams  for  the  Khantayka 
Hydroelectric  Power  Station  (1968-1969)  and  the  dams  on  the  Oyuur-Yurege 
(1971)  and  Sytykan  (1972)  Rivers.  Elements  of  this  technique  were  also 
used  in  building  the  dam  for  the  Bilibino  Nuclear  Power  Station.  It  is 
planned  to  use  this  technology  in  building  the  dam  for  the  Kolyma  Hydroelectric 
Power  Station. 

The  following  types  of  operations  are  involved  in  building  dams  from 
local  materials  used  with  this  technology,  which  has  come  into  wide  use: 
opening  the  borrow  pits;  scraping  up  **he  earth  in  the  borrow  pit  and  stowing 
it  in  ridges  to  dry  and  accumulate  solar  heat,  which  usually  is  necessary 
because  of  the  high  moisture  content  of  the  earth;  breaking  up  the  ridges 
later  on  and  moving  the  earth  to  mounds  for  winter  storage;  shielding 
the  outside  layer  of  the  mounds,  as  well  as  operations  concerned  with 
covering  the  surface  of  the  mounds  with  a thermal  insulation  layer  and 
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electrical  heating  of  the  earth  in  the  mounds;  digging  and  delivering  it 
to  the  placement  site;  and  finally,  installing  the  earth  at  the  site,  which 
consists  of  a whole  series  of  operations. 

The  specificity  and  complexity  of  the  problems  encountered  in 
building  dams  and  related  structures  also  flow  from  the  fact  that  the 
conditions  and  methods  used  in  building  them  are  usually  individualized, 
and  in  these  cases  it  is  necessary  to  develop  special  engineering  guidelines 
for  carrying  out  the  work  which  take  into  account  the  specific  local  con- 
ditions and  involve  a range  of  investigations  to  determine  the  methods  and 
means  to  be  used  in  building  the  structure,  the  types  of  machinery  to  be 
used,  etc. 


The  process  of  placing  cohesive  earth  in  the  antiseepage  elements 
in  a dam  during  the  winter  as  well  as  the  preparation  of  this  material  in 
the  summer  involve  the  one-time  use  of  large  numbers  of  machines.  Therefore 
any  interruptions  that  occur  in  particular  links  in  the  chain  necessarily 
result  in  much  lost  time  for*the  machinery  and  their  operators,  thereby 
significantly  increasing  the  cost  of  the  work.  Costs  can  be  reduced 
significantly  only  by  properly  organizing  the  operations  for  continuous 
earth  placement  and  high  productivity  of  the  entire  complex  of  machinery. 
Maximum  use  of  machinery  and  complete  elimination  of  hand  work  are  necessary 
everywhere.  The  need  to  use  manual  labor  usually  arises  when  the  technologic 
chain  for  placing  cohesive  earth  in  a dam  is  broken. 

6-2.  PREPARATION  OF  THE  DAM  FOUNDATION 

The  demands  imposed  on  preparing  the  foundation  for  a dam  are  based 
on  the  fact  that  joining  the  body  of  a dam,  and  particularly  its  anti- 
seepage elements,  to  the  foundation  is  the  most  important  aspect  of  its 
design.  The  correct  design  and  proper  implementation  of  this  work  are  the 
basis  for  reliable  operation  of  the  structure,  i.e.  for  the  general  and 
anti seepage  strength  of  the  dam  as  a whole. 

Everything  must  be  removed  from  the  foundation  of  a dam  which  might 
subsequently  affect  its  strength,  the  seepage  resistance  of  the  foundation, 
and  subsidence. 

The  volume  and  nature  of  the  operations  involved  in  preparing  the 
foundation  depend  to  a considerable  extent  on  the  method  of  dam  building 
used,  and,  of  course,  on  the  purpose  of  the  dam,  which  will  determine  its 
performance  requirements.  Other  conditions  being,  equal,  the  requirements 
may  be  different  for  preparing  the  foundation  under  different  sections  of 
a dam.  Quality  requirements  are  higher  for  preparing  the  foundation  in 
the  area  where  the  antiseepage  elements  are  joined  to  it,  and  they  are 
higher  under  the  upstream  wedge  than  under  the  downstream  wedge.  It  is 
often  enough  to  do  the  minimum  amount  of  work  in  preparing  the  foundation 
under  the  downstream  wedge.  Thus  alluvial  deposits,  consisting  of  mixed 
gravel  deposits  and  boulders  with  a total  thickness  of  3 m,  were  left  in 
the  foundation  below  the  supporting  prism  of  the  Vilyuy  rock  fill  dam. 
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In  building  che  dam  for  the  second-stage  tailing  pond  on  N'yukka 
Creek,  only  trees  and  brush  were  cleared  away  beneath  the  supporting  prism 
of  the  earth  dam  with  blanket  seal  [20].  Beneath  the  upstream  wedge,  where 
the  seal  was  connected  to  the  foundation,  the  topsoil  and  the  peat  layer 
were  stripped  away  down  to  the  mineral  soil. 

It  is  recommended  that  the  topsoil  be  removed  in  the  spring  as  the 
surface  layers  thaw  and  can  be  removed.  At  that  time,  as  soon  as  the  snow 
is  gone,  bulldozers  can  be  used  very  successfully  to  clear  away  trees  and 
brush. 

In  deciding  how  to  prepare  the  foundation  for  a dam  with  a frozen 
antiseepage  curtain  on  the  Irelyakh  River,  several  alternative  methods  of 
preparation  were  considered  (see  Figure  6-1).  The  foundation  of  the  dam 
in  the  floodplain  sectors  contained  alluvial  deposits  up  to  6 m thick,  which 
consisted  mainly  of  muddy  loams  and  muds  with  a high  content  of  plant 
residues. 


Figure  6-1.  Alternative  methods  used  to  prepare  the  foundation 
of  the  frozen  dam  for  a permanent  reservoir  on  the  Irelyakh 
River. 

a - Method  Is  1 - Outline  of  region  cleared;  2 - Body  of  dam; 

3 - Core,  b - Method  II:  1 - Outline  of  region  cleared; 

2,  4 - Body  of  dam;  5 - Frozen  curtain,  c - Method  Ills  1 -Outline 
of  region  cleared;  2,4-  Body  of  dam;  5 - Frozen  curtain. 
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According  to  alternative  method  I,  the  alluvial  deposits  in  the 
foundation  of  the  dam  would  be  removed  down  to  the  semiconsolidated  lime- 
stone and  marl  bedrock. 

According  to  alternative  method  II , the  alluvial  deposits  would  be 
removed  only  beneath  the  upstream  wedge  of  the  dam,  and  they  would  be 
preserved  in  the  frozen  state  beneath  the  downstream  wedge.  . 

According  to  alternative  method  III  (the  one  adopted), . the  alluvial 
deposits  in  the  foundation  of  the  dam  would  be  retained  completely. 

The  amount  of  work  required  (measured  in  thousands  of  cubic  meters) 
to  prepare  the  foundation  according  to  the  various  alternatives  considered 
was  as  follows: 


Alternative 

I 

II 

III 

Topsoil  removal 

2.8 

3.9 

9.5 

Excavation  of  alluvial  mud  and  clay 
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16.4 

Analysis  of  the  amount  of  work  involved  in  excavating  material 
from  the  foundation  and  the  amount  of  work  involved  in  filling  the  body  of 
the  dam  showed  that  two-thirds  of  the  volume  of  fill  for  the  body  of  the  dam, 
according  to  the  first  two  alternatives,  would  consist  of  replacing  one 
type  of  material  with  another.  Under  these  conditions,  and  considering 
that  the  material  removed  from  the  foundation  was  in  the  permanently  frozen 
state  and  the  replacement  materials  would  also  subsequently  be  frozen, 
the  question  arose  as  to  whether  it  would  be  possible  to  retain  the  alluvial 
materials  in  the  foundation  without  replacing  them. 

At  our  suggestion  a tooth  was  constructed  along  the  axis  of  the  dam 
which  cut  completely  through  the  very  muddy  alluvial  deposits  which  would 
be  hazardous  when  thawed  and  made  connection  with  the  semiconsolidated 
bedrock. 

The  topsoil  was  removed  with  bulldozers  and  the  earth  was  piled  up 
in  ridges  in  the  upper  and  lower  pools  beyond  the  limits  of  the  dam  founda- 
tion. In  addition,  ice-saturated  muddy  earth  was  removed  from  beneath  the 
upstream  wedge  on  the  left  floodplain  together  with  lenses  of  buried  ice 
and  peat.  Gravelly  material  was  also  removed  from  the  river  bed  (see 
Figure  6-2). 

The  earth  was  removed  from  the  floodplain  areas  in  the  second  half 
of  winter,  after  the  seasonally  thawed  layer  had  merged  with  the  permanently 
frozen  layer.  The  earth  was  broken  up  using  bulldozers  and  equipment  of  the 
BSN  type.  It  was  dug  with  shovels  and  carried  away  in  dump  trucks.  Breaking 
up  the  earth  with  explosives  was  difficult  before  the  seasonally  thawed 
layer  had  merged  completely  with  the  permanently  frozen  layer.  When 
explosions  were  detonated  within  the  layer  that  was  not  yet  frozen,  comouflets 
were  formed  and  gases  exploded  through  the  hole,  breaking  the  frozen  crust 
into  large  pieces  and  raising  them  a little  at  the  site  of  the  hole. 
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Figure  6-2.  Preparation  of  the  foundation  of  the  dan  for  a 
permanent  reservoir  on  the  Irelyakh  River. 

1 - Outline  of  foundation  area  cleared;  2 - Trench  for  tooth; 

3 - River  bed  cleared. 

Keys  x - Irelyakh  River. 

Preparing  the  foundation  for  this  dan  required  the  following  work: 


Clearing  trees  and  brush  (ha)  60 
Removal  of  topsoil  (m3)  2 9,500 
Excavation  of  mud,  peat,  and  buried  ice  (m  ) 16,400 
Removal  of  gravel  from  the  river  bed  (m3)  2,500 
Excavation  of  the  tooth  trench  (m3)  12,000 


In  preparing  the  foundation  for  the  dam  on  the  Oyuur-Yurege  River 
(Figure  6-3)  the  topsoil  and  alluvial  deposits  were  cleared  away  only  under 
the  upstream  wedge.  A trench  for  the  tooth  of  the  core  was  dug  into  the 
alluvial  deposits  and  the  tooth  was  cut  into  the  bedrock  a distance  of 
0.5  m. 


130 


Figure  6-3.  Preparation  of  the  foundation  for  the  dam  on  the 
Oyuur-Yurege  River. 

1 - Trench  for  the  tooth;  2 - Outline  of  the  region  to  be  cleared 
under  the  upstream  wedge  according  to  the  plan;  3 - Ground  surface; 
4 - Limestone;  5 - Icy  boulders  with  clay;  6 - Outline  of  dam. 


The  plan  called  for  the  placement  of  20,000  cubic  meters  of  alluvial 
geposits,  which  consisted  of  gravelly  loam  with  an  ice  content  as  high  as 
40Z,  but  at  our  suggestion  this  material  was  left  in  the  foundation  of 
the  dam. 


Under  particular  operating  conditions  it  may  be  desirable  not  to 
remove  weak  materials  from  the  foundation  but  rather  to  thaw  such  material 
before  construction.  Dam  foundations  may  be  thawed  before  construction 
when  the  foundation  contains  materials  with  a high  ice  content  and  their 
ice  content  is  not  uniform  under  the  foundation  area  of  the  dam,  and  when 
replacement  of  such  materials  under  existing  operating  conditions  is 
impossible  or  not  economically  feasible.  The  purpose  of  this  method  is 
to  improve  the  bearing  capacity  of  the  foundation  material  and  to  prevent 
uneven  subsidence. 


There  are  several  methods  for  the  engineering  melioration  of  frozen 
ground,  which  have  been  developed  and  used  successfully  in  mining  as  well 
as  in  dam  construction  practice.  These  include  the  use  of  direct  solar 
radiation  on  the  surface  of  the  frozen  ground,  the  use  of  a natural  heat 
source  (the  waters  of  rivers  and  lakes),  and  the  use  of  artificial  heat 
sources  (such  as  electricity  and  steam). 


Direct  use  of  solar  radiation.  Solar  radiation  in  permafrost  regions 
is  quite  adequate  in  most  cases.  The  summer  there  is  short,  but  the  air 
sometimes  warms  up  to  30-36°C.  In  the  summer  the  sky  is  usually  clear 
and  heat  transfer  conditions  as  well  as  direct  utilization  of  external 
heat  exchange  are  quite  effective.  Solar  energy  warms  up  the  surface 
layers  and  causes  the  ice  in  the  ground  to  melt. 


A significant  portion  of  the  solar  radiation,  of  course,  is  reflected 
from  the  surface  of  the  foundation  where  the  radiant  energy  is  converted 
to  heat.  A large  portion  of  the  energy  is  consumed  in  evaporating 
moisture  from  the  ground.  Hence  the  efficiency  of  preconstruction  th%wing 
of  the  ground  by  direct  use  of  external  heat  exchange  is  quite  low.  Never- 
the  less,  use  of  this  method  is  still  effective  and  widespread. 


It  should  be  mentioned  that  the  albedo  of  the  interface,  i.e.  the 
ratio  of  the  amount  of  radiant  energy  reflected  by  the  surface  of  the  layer 
to  the  amount  of  energy  hitting  it,  depends  on  the  nature  of  the  surface. 
Certain  data,  borrowed  from  reference  [71]  and  presented  below,  show  that 
albedo  varies  over  a very  wide  range:  from  0.05  for  freshly  plowed  dark 
moist  soil  to  0.85  for  newly  fallen  snow: 


Newly  fallen  soil  0.85 
Dirty  snow  0.40 
Green  grass  0.28 
Bare  light-colored  soil  0.35 
Bare  dark  dry  soil  0.15 
Bare  moist  soil  0.10 
Bare  freshly  plowed  soil  0.05 


Analysis  of  the  data  presented  above  shows  that  reflective  losses  of 
radiant  energy  may  be  reduced  by  appropriately  altering  the  properties 
of  the  surface  of  the  layer  being  treated,  which  in  turn  determine  its 
reflectivity.  Such  alternations  may  affect  the  moisture  content,  structure, 
and  color  of  the  surface  layer. 

But  the  process  of  controlling  heat  exchange  between  ground  and 
atmosphere  is  not  limited  to  these  measures.  A number  of  investigations 
have  shown  [71]  that  by  installing  an  appropriate  screen  it  is  possible  to 
turn  reflected  radiation  back  to  the  earth  again.  These  studies  have  shown, 
for  example,  that  a screen  of  plastic  film  freely  passes  solar  radiation 
and  at  ordinary  temperatures  traps  up  to  90%  of  the  infrared  radiation. 

When  this  is  done,  the  temperature  of  the  surface  layer  of  the  ground  beneath 
the  film  is  raised  up  to  8°C  higher  than  under  natural  conditions  because 
of  the  reduced  intensity  of  radiation  and  particularly  of  evaporation. 

These  methods  of  controlling  heat  exchange  are  widely  used  at  the 
present  time:  the  ground  surface  is  cultivated,  darkened,  or  even  covered 
with  various  plastic  films,  etc. 

Thus,  in  preparing  the  foundation  for  dams  on  the  Sytykan  River 
(Figure  6-4)  and  Novyy  Creek,  ice-saturated  earth  was  removed  only  under 
the  upstream  wedge,  since  ice  lenses  were  found  there  up  to  1.5  m thick. 

Jn  the  rest  of  the  area  engineering  melioration  alone  was  used  — natural 
thawing  of  the  ice-saturated  ground  during  the  summer.  For  this  purpose 
the  peat  layer  was  removed  down  to  the  mineral  earth  in  early  spring  and 
the  foundation  was  allowed  to  warm  up  during  the  entire  summer,  with  the 
result  that  subsidence  of  the  foundation  had  taken  place  before  the  dam  was 
built. 


Melioration  of  foundations  with  water  heat.  This  is  the  most  wide- 
spread method  for  the  engineering  melioration  of  frozen  ground.  This  method 
includes  the  thawing  of  frozen  ground  with  water  injection  rods  (points), 
infiltration,  and  sprinkling  combined  with  infiltration.  The  heat  contained 
in  river  or  lake  water  is  used  here  to  accelerate  the  thawing  of  the  frozen 
ground. 
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Figure  6-4,  Preparation  of  the  foundation  for  a dam  on  the 

Sytykan  River. 

1 - Outline  of  stripped  area  under  the  upstream  wedge; 

2 - Axis  of  the  dam;  3 - Trench  for  the  tooth. 

Keys  x - Sytykan  River 

The  thawing  of  frozen  ground  with  water  injection  rods  (points) 
first  began  to  be  used  in  the  USA  in  1900  to  thaw  frozen  ground  for 
dredging.  In  this  method  tubular  rods  with  tapered  tips  and  openings  in 
the  tip  are  inserted  into  the  frozen  ground.  These  rods  are  similar  to  those 
used  for  lowering  the  water  table  (PVU,  IFU),  but  they  lack  the  perforated 
water-intake  component  equipped  with  a filter  screen.  Water  is  delivered 
under  pressure  through  the  openings  in  the  tip,  and  this  creates  proper 
conditions  for  directed  convective  heat  transfer  from  the  thawing  layer 
into  the  adjacent  frozen  layer.  The  rods  are  inserted  into  the  ground  just 
as  in  hydraulic  drilling  [39,  45,  48,  55].  Ascending  currents  of  water 
erode  the  earth  and  transport  it  to  the  surface  through  a space  around  the 
tube  (see  Figure  6-5). 


Figure  6-5.  Diagram  of  foundation  thawing  with  water-injection 
rods. 

1 - Rod  fitting;  2 - Surface  of  frozen  ground;  H - Thickness  of 
thawing  layer;  the  arrows  show  the  direction  of  water  movement. 
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This  method  of  thawing  frozen  ground  is  tedious  but  effective.  Ac- 
cording to  the  data  of  S.  D.  Chistopol* skiy  [104]  an  area  of  1500  m*  was 
thawed  to  a depth  of  6 m using  water  with  a temperature  of  9-12°C  flowing 
at  a rate  of  15  1/sec  for  20  days. 

T.  A.  Aydla  describes  an  experiment  in  which  a tract  of  frozen 
ground  measuring  93x23  m was  thawed  with  water-injection  rods  to  a depth  of 
7 m at  the  construction  site  of  an  office-apartment  complex^n  Magadan 
Oblast.  Water  from  the  river  was  pumped  at  a rate  of  250  m /hr  into  dis- 
tribution pipes.  The  latter  were  fitted  with  nozzles  to  which  the  water- 
injection  rods  were  connected  through  rubber  hoses.  Water-injection  rods 
spaced  3. 5-4.0  m apart  were  inserted  into  previously  bored  holes.  The 
ground  sank  up  to  20-27  cm  in  some  places  as  a result  of  the  hydraulic  thawing, 
and  it  was  compacted  with  vibrators  after  thawing.  The  thawed  ground  is 
easily  drained. 

But  the  duration  of  such  thawing  is  brief  and  it  is  possible  only 
in  the  warm  summer  months.  Heated  water  can  be  used  to  increase  the  effective- 
ness of  the  water-injection-rod  thawing  of  frozen  ground. 


According  to  data  given  in  reference  [39],  water  with  an  initial 
temperature  of  20°C  retains  a temperature  of  8-12°C  as  it  flows  away  from 
the  site  of  the  operating  rods.  The  relative  heat  output  of  the  ascending 
percolating  flow  in  the  growing  cylindrical  thawed  area  around  a rod  is 
equal  to  0.4-0. 6.  When  this  water  is  recycled  and  heated  again  to  20  C,  only 
half  as  much  heat  is  required.  When  the  water  temperature  is  raised,  the 
spacing  between  the  rods  can  be  increased  and  there  is  a corresponding 
reduction  in  the  drilling  work  required. 

A relationship  has  been  established  between  spacing  of  the  holes  and 
water  temperature  based  on  experience  in  thawing  500,000  cubic  meters  of 
ground  to  a depth  of  9.5  ms 

Water  temperature  (°C)  3 4 6 12 

Spacing  of  rods  (m)  3.5  4 6 

Electrical  thawing  of  frozen  ground  permits  elimination  of  the  invest- 
ment in  boring,  setting  up  the  piping,  and  supplying  the  water,  and  it 
prolongs  the  working  season.  But  in  this  case  it  is  necessary  to  provide 
for  removal  of  excess  water  from  the  thawing  ground.  This  can  be  accomplished 
by  using  electroosmosis  (in  the  case  of  clay  earth)  or  filter  point  equipment 
to  lower  the  level  of  the  ground  water. 

In  the  percolation-drainage  method  of  thermal  melioration  of  frozen 
ground,  water  is  supplied  to  the  area  being  thawed  through  pipes  or  ditches. 
The  water  percolates  through  the  thawing  ground  and  flows  into  a drainage 
ditch.  The  method  can  be  effective  in  well-drained  materials.  To  accelerate 
thawing,  fine-grained  material  at  the  surface  and  mantle  loams  should  be 
removed.  Several  seasons  may  be  required  to  achieve  the  desired  effect. 
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The  frozen  dam  on  the  Sytykan  River  may  be  cited  as  an  example. 

The  foundation  of  this  dam  on  the  left  floodplain  contained , under  a thick 
layer  of  moss  and  peat,  as  has  already  been  mentioned,  ice-saturated  material 
and  individual  lenses  of  fossil  ice  which  were  quite  thick.  In  order  to 
thaw  the  ground  in  a single  season,  the  plan  provided  for  engineering  meliora- 
tion of  the  ground  in  addition  to  natural  thermal  melioration,  which  was 
discussed  above.  After  removal  of  the  moss-peat  layer  with  bulldozers, 
the  intention  was  to  run  several  percolation-drainage  ditches  spaced  30  m 
apart  and  positioned  according  to  the  topography  to  collect  and  carry  away 
the  water  formed  as  the  frozen  ground  thawed.  The  average  depth  of  the 
ditches  was  2 m.  The  total  discharge  of  water  with  simultaneous  replenish- 
ment of  50Z  of  the  drain  output  was  calculated  to  be  1 nP/hr  per  meter  of 
drain  length  or  220  m3/  hr. 

The  sprinkling-percolation  method  was  first  used  in  the  USA  at  the 
end  of  the  nineteenth  century.  The  technology  of  this  method  is  simple. 

Water  is  applied  to  the  surface  of  a tract  being  thawed  from  a sprinkling 
apparatus  (see  Figure  6-7).  Since  this  work  is  done  in  the  warm  season 
of  the  year  when  the  air  temperature  is  above  the  water  temperature,  the 
water  receives  additional  warmth  in  the  air,  and  as  it  percolates,  releases 
the  heat  to  the  ground.  The  vertical  percolation  flow  becomes  horizontal 
and  moves  toward  a. drainage  ditch  or  natural  depression.  This  method  was 
used  very  successfully  for  engineering  construction  purposes  to  thaw 
ground  heavily  saturated  with  ice  in  preparing  the  foundation  for  the  Hess 
Creek  dam  in  Alaska. 

Ground  containing  tree  roots  and  other  plant  residues  as  well  as 
ice-saturated  alluvial  deposits  up  to  12  m thick  had  to  be  removed  from 
the  foundation  for  the  Hess  Creek  dam  in  order  for  the  structure  to  rest  on 
the  permanently  frozen  bedrock.  But  in  this  case  materials  with  moisture 
contents  up  to  3l£  were  allowed  to  remain  in  the  foundation  of  the  dam. 

According  to  the  original  plan  the  stripping  work  was  to  be  done 
with  hydraulic  excavators,  and  for  this  purpose  27  hydraulic  excavators 
were  installed  in  the  dam  excavation.  But  this  attempt  proved  unsuccessful 
because,  since  they  discharged  a large  quantity  of  water,  they  did  not  give 
satisfactory  results,  especially  in  areas  where  the  ice  content  of  the 
ground  was  high  or  the  ground  contained  thick  lenses  of  ice  with  considerable 
horizontal  dimensions. 

Subsequently  stripping  was  successfully  accomplished  using  sprinklers. 
Up  to  400  sprinklers  were  installed  for  this  purpose  over  the  dam  excavation 
area,  and  water  was  supplied  to  them  at  a temperature  of  11°C.  The  con- 
tinuous irrigation  of  the  area  to  be  stripped  caused  rapid  thawing  of  the 
frozen  ground.  The  flowing  water  containing  particles  of  soil  eroded  and 
furrowed  the  surface  of  the  area.  The  slurry  flowed  into  a pond.  In  this 
fashion  the  ground  to  be  stripped  away  was  thawed  at  a rate  10-15  cm/day. 

Well-planned  organization  of  the  work  made  it  possible  to  remove  by 
erosion  306,000  cubic  meters  of  earth  from  the  foundation  for  the  dam. 
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N.  A.  Tsytovich  emphasizes  that  with  preconstruction  thawing  a 
large  percentage  of  the  total  settlement  of  the  foundation  occurs  before  the 
structure  is  built  (thermal  settlement),  and  only  settlement  due  to  compac- 
tion of  the  ground  remains  during  the  operating  period.  The  later  is 
relatively  small  and  distributed  quite  uniformly  over  the  area  (depending, 
of  course,  on  the  foundation  materials  and  their  thickness).  Tsytovich 
recommends  that  hydraulic  thawing  be  used  only  for  gravelly  and  other 
large-grained  materials,  which  lose  little  of  their  bearing  capacity  when 
they  become  supersaturated. 

In  our  opinion  hydraulic  thawing  with  water-injection  rods  can  be 
used  for  any  materials,  including  cohesive  earth,  but  supersaturation  of 
the  ground  is  unavoidable.  When  there  is  sufficient  reason  to  use  this 
method,  drainage  of  the  ground  is  possible,  depending  on  how  operations  are 
organized  or  other  conditions.  Artificial  drying  is  required  also  when 
clay  soil  is  thawed  electrically,  since  in  this  case  supersaturation  is 
also  unavoidable  [46]. 

We  have  dwelt  in  detail  on  the  methods  of  artificial  preconstruction 
thawing  of  permanently  frozen  loose  materials  because  we  feel  that  these 
methods  can  be  used  for  dam  construction  in  the  north.  We  do  not  consider 
the  strict  restrictions  contained  in  VSN-08-65  to  be  justified,  as  is 
indicated  by  both  domestic  (Sytykan  River,  Novyy  Creek)  and  foreign  experience 
(Hess  Creek)  in  constructing  dams  where  foundation  materials  were  thawed 
prior  to  construction. 

Frequently  when  the  foundation  is  clear  and  tooth  trenches  are  dug, 
additional  information  becomes  available  as  to  the  engineering  geology  of 
the  foundation  which  calls  for  additional  geological  investigations  and  also 
will  lead  to  changes  in  the  type  and  amount  of  work  to  be  done  in  preparing 
the  foundation. 

In  some  cases  it  may  become  necessary  to  install  a grout  curtain  or 
to  grout  a portion  or  all  of  the  dam  foundation  area.  In  the  case  of 
permanently  frozen  rock  this  work  is  done  after  first  thawing  with  steam 
or  water  injected  into  previously  bored  holes.  The  ice  filling  cracks  is 
melted  and  the  cracks  either  empty  or  filled  with  water,  which  permits 
their  subsequent  grouting. 

Requirements  as  to  dam  foundation  materials  depend  on  the  method 
used  to  build  the  dam. 

Rock  may  be  used  as  a foundation  without  limitation  provided  the 
rock  is  watertight.  When  the  rock  is  highly  fissured,  grouted  or  other  cut- 
off seals  are  installed  to  reduce  seepage  losses. 

Dams  are  most  difficult  to  build  on  foundations  subject  to  thermal 
settling  and  foundations  susceptible  to  thermokarst  phenomena.  In  these 
cases  engineering  melioration  techniques  may  be  used  on  the  foundation, 
the  hazardous  materials  may  be  removed  entirely  from  the  foundation,  or 
dams  of  the  frozen  type  may  be  built  on  such  foundations. 
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Highly  permeable  foundation  materials  are  no  obstacle  to  building 
unfrozen  dams  on  them  if  anti seepage  structures  are  included. 


Figure  6-7.  The  sprinkling -percolation  method  of  thawing 

foundations. 

1 - Sprinkling  apparatus;  2 - Drainage  wall;  3 - Water  table; 

4 - Surface  of  frozen  ground. 

6-3.  BUILDING  EARTH  DAMS  IN  THE  SUMMER 
a)  "Dry"  Placement  of  Cohesive  Soils 

The  principal  method  of  building  dams  from  cohesive  soils  in  the 
Far  North,  if  conditions  permit,  is  still  the  dry  placement  of  the  soil 
with  appropriate  compaction.  One  must  only  keep  in  mind  that  soils  in 
the  Far  North  usually  are  highly  supersaturated,  so  that  placement  is 
quite  difficult. 

We  know  that  the  relationship  between  density,  moisture  content, 
and  the  amount  of  effort  invested  in  compaction  is  described  graphically 
by  the  so-called  Proctor  curves.  The  peak  of  the  curves  reflects  the  maximum 
soil  density  for  a given  compaction  effort  and  is  achieved  only  with  a 
particular  soil  moisture  content,  which  is  known  as  the  optimum  moisture 
content.  Analysis  of  the  curves  indicates  that  soil  compaction  is  not 
efficient  when  its  moisture  content  is  below  or  above  the  optimum. 

In  order  to  assure  proper  packing  it  is  necessary  to  resort  to 
supplementary  measures  designed  to  reduce  the  mositure  content  of  the  soil, 
i.e.  to  dry  it.  This  is  usually  done  by  breaking  up  and  turning  over  the 
waterlogged  soil,  both  in  the  borrow  pit  and  at  the  fill  site. 

The  thickness  of  the  layers  to  be  compacted  usually  ranges  from 
10-40  cm,  but  the  most  common  thickness  is  20-30  cm.  Rolling  tests  are 
used  to  determine  the  number  of  passes  of  compaction  equipment  required 
and  the  optimum  layer  thickness. 

The  purpose  of  compaction  in  building  water-retaining  structures  is 
to  create  a soil  structure  which  will  make  the  dam  watertight  and  suf- 
ficiently flexible  and  will  assure  that  possible  settlement  during  operation 
will  not  exceed  allowable  values  and  will  not  result  in  the  formation  of 
cracks  and  fissures. 
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The  degree  of  compaction  is  determined  by  the  density  of  the  soil 
used  and  is  based  on  the  technical  specifications  for  the  structure. 

Construction  practice  shows  that  a high  degree  of  fill  compaction 
is  not  always  desirable,  since,  in  spite  of  the  high  overall  stability 
of  the  structure,  minimum  settlement,  and  high  resistance  to  seepage, 
achieving  it  requires  large  investments  of  time  and  machinery,  which  are 
not  always  economically  justified. 

At  the  same  time,  when  soil  is  highly  compacted,  the  structure  becomes 
more  rigid  and  cannot  flexibly  adapt  to  foundation  subsidence  (and  the  seal 
cannot  adapt  to  subsidence  of  the  rock  fill  below  the  seal),  with  the  result 
that  failure  may  occur  at  joints  with  other  structural  elements. 

As  long  as  the  basic  technical  requirements  for  earth  dams  are  met 
(strength,  elimination  of  the  possibility  of  slope  failure,  impermeability 
to  water),  the  degree  of  compaction  of  the  earth  in  the  structure  should 
be  planned  in  such  a way  that  the  cost  of  this  operation  is  held  to  a minimum. 
The  economically  desirable  degree  of  compaction  of  the  earth  in  the  body 
of  a dam  is  determined  by  engineering  and  economic  computations. 

The  techniques  and  methods  of  compacting  soil  depend  on  many  factors, 
so  that  it  can  be  correctly  organized  only  if  one  takes  fully  into  account 
the  characteristics  of  the  materials  being  compacted,  climatic  conditions, 
the  requirements  placed  on  the  structure,  the  time  in  which  it  is  built, 
etc. 

The  soil  is  usually  rolled  with  special  rollers  of  various  types, 
which  are  distinguished  on  the  basis  of  the  principle  of  their  action  on  the 
soil  being  compacted:  dynamic,  oscillating,  or  static.  The  fundamental 
characteristic  of  rollers  is  their  weight  and  specific  pressure  on  the 
ground.  Loamy  soils  usually  are  compacted  with  static  action  rollers, 
mainly  with  smooth  drums,  sheepsfoot  rollers,  or  pneumatic  tire  rollers. 

The  earth  is  compacted  under  constrained  conditions,  and  where  access 
for  compaction  machinery  is  impeded,  the  compaction  is  done  with  various 
kinds  of  impact  or  other  compaction  equipment  for  use  in  tight  spaces. 

Self-propelled  rollers  are  most  effective  because  of  their  maneuver- 
ability* towed  rollers  are  inconvenient  for  working  on  fill.  Very  good 
compaction  results  are  obtained  with  loaded  MAZ -525  dump  trucks.  Their 
advantages  include  their  availability,  their  good  maneuverability,  and 
vibrational  effect. 

Rough  data  on  the  thickness  of  layers  of  loose  fill  used  for  different 
types  of  compaction  equipment  are  given  in  Table  6-1. 


i 

1 


139 


Table  6-1 


Thickness  of  Layer  Compacted  as  a Function 
of  Compaction  Equipment. 


Compaction  equipment 

Weight, 

tons 

Thickness 
of  layer 
compacted, 
cm 

Number  of  passes  over 
one  location 

Cohesive 

soil 

Noncohesive 

material 

Pneumatic-tired 

rollers 

10 

16-24 

4-10 

2-8 

25 

28-40 

4-10 

2-8 

50 

35-50 

4-10 

2-8 

Sheepsfoot  rollers 

5 

19-27 

4-18 

6-12 

30 

50 

4-10 

2-8 

Smooth  rollers 

5 

12-18 

6-12 

6-10 

10 

16-24 

4-10 

2-8 

S-80  tractor 

10-16 

6-12 

4-10 

A general  deficiency  of  existing  compaction  equipment  is  the  fact 
that  it  cannot  be  used  to  compact  sloping  areas,  and  for  this  reason  this 
portion  of  the  fill  is  least  compacted.  Where  the  slopes  are  gentle, 
they  can  be  partially  compacted  with  tractors  or ^bulldozers.  Sometimes 
fill  is  placed  in  embankments  with  an  extra  width  allowance  of  0.4-0. 5 m, 
the  excess  soil  subsequently  being  cleared  away  and  used  in  the  embankment. 

This  technique,  of  course,  cannot  be  used  when  structures  are  built  at 
negative  temperatures  and  the  slopes  are  subject  to  freezing. 

It  is  very  important  in  building  a structure  to  conduct  compaction 
tests  in  order  to  determine  optimum  soil  compaction  conditions:  to  determine 
the  thickness  of  a layer  to  be  compacted,  the  number  of  passes  by  the  com- 
paction equipment  along  a single  track,  the  optimum  moisture  content,  etc. 

According  to  studies  by  V.  I.  Biruli  and  N.  Ya.  Kharkhuta,  the  strongest 
soil  structure  is  obtained  as  a moisture  content  close  to  the  lower  plastic 
limit,  i.e.  about  0.55-0.60  of  the  moisture  content  at  the  liquid  limit  and 
close  to  the  optimum  moisture  content  as  determined  by  the  standard  com- 
paction method. 

The  moisture  content  of  the  soil  never  remains  constant  during  the 
period  when  a structure  is  being  built.  It  is  affected  by  climatic  charac- 
teristics, the  varying  degrees  of  the  wetness  of  the  soil  in  the  spring  and 
fall,  etc.  As  a rule,  drying  is  required  in  order  to  obtain  the  optimum 
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soil  moisture  content  under  the  conditions  of  the  Far  North.  Less  often 
moisture  must  be  added,  both  directly  at  the  work  site  and  as  naturally 
bedded  in  the  borrow  pit:  a plot  prepared  for  wetting  is  surrounded  by  a 
ridge  and  water  is  poured  over  it.  For  best  penetration  of  water  to  the 
full  depth  of  borrow  material  desired,  holes  are  also  bored  or  pits  are 
dug  [18].  Irrigation  of  the  soil  in  the  borrow  pit  provides  uniform  wetting 
of  all  the  soil  and  permits  placement  of  the  soil  at  the  work  site  without 
delay. 

For  operating  convenience  the  compaction  machinery  is  usually  required 
to  move  parallel  to  the  axis  of  the  dam.  When  the  open  face  is  wide, 
is  usually  the  case  at  low  levels  in  dams,  the  soil  should  be  packed  in 
place  by  dividing  the  full  width  of  the  dam  into  strips  (2  or  3).  When  this 
is  done  the  layers  should  be  overlapped  where  they  meet  and  carefully 
compacted. 

b)  Building  Dams  by  Hydraulic  Fill 

In  the  Far  North  building  hydraulic  fill  dams  is  complicated  by  a 
number  of  special  conditions  resulting  from  the  presence  of  permafrost, 
the  severe  winter,  and  the  short  period  with  favorable  temperatures. 

But  it  is  possible  to  build  dams  by  the  hydraulic  fill  method.  An  obvious 
example  of  the  use  of  this  method  is  the  delivery  of  slurry  through  pipes 
and  its  placement  in  a walled-up  tailing  pond  even  at  very  low  outside 
air  temperatures. 

Under  some  conditions  building  dams  by  hydraulic  fill  is  the  only 
method  possible.  A very  interesting  example  in  this  respect  from  both  the 
planning  and  implementation  points  of  view,  is  the  building  of  the  Hess 
Creek  dam  in  Alaska. 

The  Hess  Creek  dam  is  S08.S  m long  and  25.2  m high,  and  impounds  a 
reservoir  of  9.2  million  cubic  meters.  The  dam  is  103.2  m wide  at  the  base 
and  A. 8 m wide  at  the  crest.  The  slope  gradients  range  from  1:2.5  at 
the  base  to  1:1.3  at  the  crest. 

The  Hess  Creek  Dam  was  built  in  a place  difficult  to  access,  where 
outside  air  temperatures  dropped  as  low  as  -68°C  (during  the  construction 
period  the  temperature  ranged  from  -21°  to  -32°C),  During  the  summer  the 
ground  thaws  to  a depth  of  no  more  than  0.6  m. 

Since  the  cost  of  transporting  imported  structural  materials  would 
be  very  high,  it  was  decided  to  build  the  dam  by  hydraulic  filling,  a technique 
which  required  minimum  importation  of  materials  and  equipment. 

The  local  materials  have  a high  content  of  large  rock  fragments. 

These  materials  would  be  suitable  for  packing  dry  into  the  body  of  the 
dam  only  after  preliminary  separation.  For  this  reason  the  dry  method  of 
construction  was  rejected.  Also,  the  construction  area  has  a short  but 
rainy  summer. 
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The  biggest  problem  with  the  alluvial  fill  method  was  obtaining  a 
sufficient  quantity  of  fine  material  for  the  core  of  the  dam,  which  accounted 
for  162  of  the  total  dam  volume.  The  necessary  quantity  of  fine  material 
was  obtained  from  another  borrow  pit  by  additional  hydraulic  sorting  of  the 
earth.  A special  washing  system  was  used  for  this  purpose.  An  entirely 
satisfactory  hydraulic  fill  core,  constituting  1/6  to  1/10  of  the  width  of 
the  dam,  was  built  in  this  fashion. 

Construction  on  the  Hess  Creek  dam  was  begun  in  1940  to  provide  a 
water  supply  for  mining  operations,  but  during  the  war,  when  the  hydraulic 
fill  had  reached  a height  of  17.2  m,  work  was  stopped.  A temporary  spillway 
structure  was  built  at  this  intermediate  level.  Construction  of  the  upper 
part  of  the  dam  to  the  full  design  height  (25.2  m)  was  completed  in  1946, 
and  the  earth  was  packed  dry  [106]. 

A steel  sheet-pile  bulkhead  was  provided  to  prevent  seepage  through 
the  thawed  material  in  the  foundation,  and  the  foundation  which  had  thawed 
during  construction  operations  was  refrozen. 

The  sheet-pile  bulkhead  was  installed  by  thawing  the  foundation  with 
steam  points.  The  foundation  was  frozen  after  removal  of  the  overburden 
and  exposure  of  the  bedrock.  Before  starting  the  hydraulic  fill,  trenches 
were  dug  every  3 m in  the  foundation  along  the  axis  of  the  dam.  Pipes 
50  mm  in  diameter  were  laid  in  these  trenches  to  freeze  the  foundation. 

The  freezing  would  create  a good  connection  between  the  underlying  permafrost 
and  the  foundation  of  the  hydraulic-fill  body  of  the  dam.  In  order  to 
freeze  the  foundation  where  the  dam  joined  the  valley  slopes,  a special 
freezing  system  was  built  of  arrays  of  piping  (one  on  each  slope)  and  a 
freezing  solution  of  brine  was  pumped  through  them.  Each  array  consisted 
of  a system  of  25  pipes  37  mm  in  diameter  and  91  m long.  Pipes  were  installed 
0.3-0. 8 m above  the  surface  of  the  ground  so  that  the  cold  arctic  air 
could  reach  them.  These  pipes  terminated  at  both  ends  in  risers,  from  which 
the  freezing  brine  was  pumped  back  into  the  piping  system  within  the  valley 
wall  connections.  The  temperature  of  the  brine  dropped  to  -40°C,  so  that 
a considerable  portion  of  the  valley  slopes  froze  quite  satisfactorily  and 
remained  in  this  state  until  hydraulic  fill  of  the  body  of  the  dam  began. 

6-4.  BUILDING  EARTH  DAMS  OF  COHESIVE  SOIL  IN  WINTER 
a)  Dry  Packing  of  Cohesive  Soil 

As  has  already  been  stated,  the  principal  method  for  packing  cohesive 
soil  in  the  Far  North  is  the  dry  filling  of  the  soil  in  layers  0. 3-0.4  m 
thick  where  the  top  of  the  fill  is  divided  into  working  areas  [4].  In  some 
cases  (depending  on  the  width  of  the  structure  being  built)  the  work  area 
may  be  divided  into  two  or  more  longitudinal  strip  zones.  For  operating 
convenience  such  strips  may  in  turn  be  divided  into  individual  working 
areas  of  equal  size.  This  provides  the  basis  for  a clear-cut  order  of 
operations.  While  soil  is  being  placed  on  one  of  the  work  plots,  previously 
placed  soil  is  being  leveled  on  a second,  and  the  soil  is  being  compacted 


142 


on  a third.  When  the  soil  is  excessively  wet,  a fourth  stage  may  be  involved 
a soil  drying  stage.  But  since  it  is  impossible  to  dry  excessively  wet 
soil  in  the  winter,  it  is  necessary  to  resort  to  a somewhat  different  method 
of  placement,  such  as  that  used  in  building  the  Khantayka  Hydroelectric 
Power  Station. 


The  soil  dumped  on  a work  area  is  spread  evenly  over  the  entire  area 
Sometimes,  in  order  to  use  the  transportation  equipment  to  compact  the  soil 
the  filling  is  done  by  the  so-called  "pioneer  method."  With  this  method 
there  is  no  clear  separation  between  the  dumping  and  spreading,  stages. 

The  deposited  soil  is  spread  immediately  to  make  way  for  the  approach  of 
the  next  vehicle. 


When  high-grade  embankments  are  being  built  at  negative  air  tem- 
peratures, evaporation  from  the  unfrozen  soil  interferes  with  the  work  of 
men  and  machinery.  This,  of  course,  should  be  taken  into  account  from  the 
viewpoint  of  providing  safe  working  conditions. 


When  placing  soil  by  the  so-called  "backup"  method,  boulders,  * 
large  lumps  of  frozen  ground,  and  other  inclusions  can  be  removed  quite 
successfully  after  the  soil  is  spread  and  before  it  is  compacted.  In  pack- 
ing soil  into  the  seal  of  the  dam  for  the  Vilyuy  Hydroelectric  Power  Station 
special  rakes  were  attached  by  hinges  to  the  blade  of  a bulldozer  to  remove 
boulders  (see  Figure  6-8) 


Figure  6-8.  Removing  boulders  and  frozen  lumps 


The  thickness  of  the  soil  layer  installed  depends  on  the  method  of 
compaction  used  and  the  type  of  compaction  equipment,  the  degree  of  com- 
paction required  by  the  technical  specifications  for  the  structure.  If 


uniform  compaction  of  the  soil  is  to  be  achieved,  the  layer  thickness  must 
be  uniform. 

Hhen  building  structures  of  cohesive  soil  during  periods  with 
negative  temperatures,  it  is  extremely  important  to  keep  the  soil  in  the 
thawed  state  until  compaction  has  been  completed.  In  order  to  accomplish 
this,  the  soil  in  a working  area  is  covered  with  film  as  it  is  delivered 
until  the  required  amount  is  in  place  and  has  been  spread  (see  Figure  6-9). 
This  very  effectively  protects  it  from  cooling  off  too  early.  Observations 
have  shown  that  soil  covered  in  this  fashion  cooled  no  more  than  1.2-1. 5°C 
under  the  film  during  the  entire  period  of  delivery. 


Figure  6-9.  Covering  soil  with  film. 

Soil  can  be  packed  into  a blanket  seal  both  after  the  supporting 
prism  of  the  dam  has  been  raised  to  its  full  design  height  and  simultaneously 
with  its  construction.  But  in  the  latter  case  contaminated  areas  of  the 
seal  should  be  carefully  cleared  of  materials  from  the  main  body  of  the  dam 
and  from  the  filters  below  the  seal. 

The  inverted  filter  layers  below  the  blanket  seal  usually  are  not 
very  thick.  In  order  to  protect  the  seal  from  piping,  they  should  be  no 
thicker  than  0.3-0. 5 m,  but  depending  on  construction  conditions  they 
usually  are  made  wider,  with  the  idea  that  transport  equipment  can  pass 
over  them.  This  reduces  construction  costs.  Wider  use  must  be  made  of 
cranes  equipped  with  special  buckets,  portable  conveyors,  and  the  like  in 
placing  filters. 

Packing  density  specifications  for  the  soil  in  blanket  seals  should 
be  designed  to  provide  flexibility  in  the  seal  itself  so  that  it  can  adapt 
to  settlement  of  the  main  part  of  the  dam  body  without  loss  of  integrity 
and  the  formation  of  cracks. 
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A somewhat  different  technique  was  used  in  the  winter  placement  of 
supersaturated  soil  in  building  the  Khantayka  Hydroelectric  Power  Station. 

The  average  moisture  content  of  the  Khantayka  soils  was  15. 3Z,  with  an 
optimum  content  of  9-10Z.  Soil  was  packed  into  the  core  in  a space  between 
transition  zones.  The  transition  zones  were  built  up  slightly  in  advance. 
Access  to  the  work  space  was  difficult,  so  that  the  trucks  dumped  their 
loads  from  the  edge  of  the  transition  zone.  The  soil  was  spread  over 
the  working  area  in  a layer  0. 5-0.7  m thick  and  compacted  with  bog  tractors 
having  wide  tires.  The  density  of  the  soil  packed  in  this  fashion  was 
5Z  lower  than  that  of  soil  installed  with  optimum  moisture  content  [44]. 

b)  Filling  with  Cohesive  Soils  in  Hater 

Filling  with  cohesive  soils  in  water  is  a technique  widely  used  under 
ordinary  conditions  [32].  Some  practical  experience  has  been  gained  in 
this  country  in  building  high-grade  embankments  by  filling  in  water  with 
cohesive  soils  during  winter  as  well.  The  technology  of  winter  filling 
work,  of  course,  is  more  complicated.  There  are  serious  problems  of  main- 
taining the  pool,  preventing  the  formation  of  ice  along  the  edges  and  on  the 
bottom,  and  acquiring  and  storing  sufficient  supplies  of  unfrozen  soil. 

At  the  same  time,  filling  in  water  may  be  the  only  way  to  achieve  high- 
quality  packing  of  the  soil  when  building  particular  elements  of  a structure. 

At  the  same  time  it  must  be  said  that  there  are  unfortunately  still 
no  generalized  analyses  and  recommendations  for  this  promising  method. 

Careful  study  should  be  given  to  problems  of  specifications  for  soils  to 
be  used  for  building  structures  by  filling  in  water  during  the  winter, 
questions  concerning  the  permissible  content  of  frozen  ground  in  the  total 
mass  of  soil  used  for  filling  in  water,  the  effect  of  the  frozen  ground 
content  on  the  quality  of  an  embankment  as  well  as  the  effect  of  their 
thawing  and  factors  influencing  this  process,  the  temperature  regime  of  the 
water  in  the  pools,  methods  of  controlling  the  formation  of  bottom  ice  in 
the  filling  work-area  and  the  formation  of  ice  along  the  edge  of  the  work 
area,  problems  of  building  dikes  around  the  work  areas,  etc.  In  our  opinion 
dikes  can  be  successfully  built  around  work  areas  using,  for  instance, 
dry  sandy  soils  and  fill  materials  to  prevent  water  from  leaking  into  the 
lateral  prisms. 

The  thermal  conditions  in  embankments  when  they  are  built  by  con- 
structing ponds  in  several  stages  may  vary;  i.e.  in  some  areas  there  may 
be  frozen  zones  in  addition  to  the  thawed  zones.  However,  as  experience 
with  the  building  of  the  blanket  seal  for  the  Vilyuy  dam  and  the  core  of 
the  Khantayka  dam  has  shown,  even  when  it  is  built  dry  the  seal  cannot  be 
kept  unfrozen  over  its  entire  height.  The  presence  of  unfrozen  and  frozen 
zones  did  not  adversely  affect  the  quality  of  the  seal  and  core  as  antiseepage 
elements  of  the  dams.  But  it  is  important  here,  of  course,  to  assure  a 
high-quality  joint  between  the  layers.  The  frozen  surface  of  a previous 
layer  will  thaw  when  a pool  is  formed  for  the  next  layer.  This  will 
also  facilitate  warming  of  the  water  in  the  pool,  which  may  be  unavoidable 
with  air  temperatures  of  -10  to  rl5°C. 
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This  problem  was  met  for  the  first  time  to  our  knowledge  in  the 
Iriklinskaya  Hydroelectric  Power  Station.  In  building  the  apron  and  blanket 
seal  of  the  rock  fill  dam,  loam  containing  up  to  40Z  frozen  material 
was  used  as  winter  fill  in  water.  As  we  know,  after  thawing  and  consolidation 
the  embankments  built  by  this  method  were  of  very  high  quality. 

Placement  of  cohesive  soils  in  water  was  also  used  in  building  the 
Irkutsk  Hydroelectric  Power  Station  [61].  This  work  was  preceded  by  studies 
which  showed  that  loam  placed  under  water  after  two  months  acquires  a 
density  of  1.63  g/cm 3 with  a moisture  content  of  23Z  and  a percolation 
coefficient  of  A*10“^  cm/sec.  The  structure  of  the  loam  was  uniform 
regardless  of  whether  it  was  packed  in  the  thawed  state  or  included  frozen 
lumps.  Filling  of  loam  into  the  core  of  the  left-bank  dam  was  undertaken 
at  air  temperatures  from  -3°  to  -24°C  in  layers  2 m thick. 

( 

Studies  of  the  engineering  geology  of  the  frozen  and  thawed  loam 
showed  that  the  soil  did  not  lose  compaction.  From  this  the  important 
conclusion  was  drawn  that  it  was  not  necessary  to  wait  for  complete  thawing 
of  the  soil  in  order  to  fill  the  succeeding  layers. 

In  building  the  Irkutsk  Hydroelectric  Power  Station  at  air  temperatures 
as  low  as  -25°C,  loam  was  quite  often  placed  under  water  which  was  electrical- 
ly heated  to  +15°C.  Pockets  in  the  excavation  for  the  power  station  building 
were  filled  in  this  fashion  with  about  50,000  nr  of  loam.  The  earth  was 
placed  in  layers  up  to  9 m thick  into  a closed  space.  The  water  was  forced 
out  into  the  lateral  prisms  of  the  dam  and  subsequently  pumped  out.  The 
content  of  frozen  lumps  in  the  soil  was  no  more  than  5%.  The  placed  earth 
had  adequate  density  and  was  uniform. 

Relatively  warm  ground  water  (up  to  +5°C)  from  the  water  evacuation 
system  of  the  excavation  was  also  used  on  the  project  to  form  the  pools. 

Much  experience  in  the  winter  placement  of  soil  under  water  at  low 
temperatures  (from  -20°  to  -50°C)  was  obtained  in  building  the  Vilyuy 
Hydroelectric  Power  Station  when  the  cofferdams  were  built  surrounding  the 
foundation  site  for  the  dam  in  the  river  bed  area  [4],  and  later  in  con- 
nection with  the  construction  of  the  Serebryanskaya  and  Khantayka  Hydro- 
electric Power  Stations  [44], 

The  design  of  the  cofferdam  for  the  Vilyuy  Hydroelectric  Power  Station 
was  of  the  mixed  type  at  our  suggestion  — the  supporting  prism  was  made  of 
rock  fill,  the  blanket  seal  of  gravelly  loam,  and  the  transition  zone  of 
mixed  sand  and  gravel  (see  Figure  6-10).  The  width  of  the  blanket  seal 
at  the  top  of  the  structure  was  set  at  8 m,  and  the  gradient  of  the  upstream 
slope  was  Is 3.  In  order  to  reduce  seepage  along  the  foundation  in  the 
channel  area,  since  it  was  not  cleared  of  boulders  and  alluvium,  an  apron 
was  built  of  loam  20  m long  and  about  1 m thick. 


Figure  6-10.  Cofferdam  along  the  foundation  site  for  the  Vilyuy 
Hydroelectric  Power  Station. 

1 - Supporting  prism;  2 - Filter;  3 - Blanket  seal;  4 - Apron; 
Keys  x - NHL. 


The  loam  fill  was  placed  under  water  at  air  temperatures  from  -20° 
to  -50°C.  The  ground  temperature  where  the  soil  was  dug  ranged  from  +4° 
to  +7°C,  and  at  the  placement  site  from  +1°  to  +4°C.  The  blanket  seal  was 
built  with  an  extra  height  allowance  from  0.1  to  0.5  m above  the  water 
level  in  a water  area  that  was  free  of  ice.  When  fill  work  was  interrupted, 
the  brow  of  the  slope  at  the  water  line  was  sprinkled  with  salt  and  a 
perforated  hose  was  submerged  in  the  water  to  deliver  compressed  air,  which 
* prevented  the  formation  of  layers  of  ice. 
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An  opening  was  made  in  the  ice  with  explosives  after  digging  a trench 
0.6-0. 7 m around  its  perimeter  to  prevent  cracks  in  the  ice  from  spreading 
beyond  the  desired  margin  of  the  opening.  Then  holes  were  cut  all  the  way 
through  the  ice  in  a 4. 0x4.0  m pattern.  Charges  of  4-5  kg  were  submerged 
in  the  water  and  detonated.  The  underwater  explosion  produced  uniform 
pieces  of  ice  with  a minimum  amount  of  fine  material,  which  is  very  difficult 
to  remove  from  an  open  area.  Creation  of  an  open  area  measuring  20x10  m 
with  an  ice  thickness  of  1.2-1. 3 m by  this  method  required  two  or  three  shifts. 

In  order  to  keep  small  pieces  of  ice  out  of  the  fill,  a barrier  of 
logs  was  strung  in  front  of  the  filling  area  to  force  the  sludge  away.  A 
turbojet  apparatus  was  also  used  at  the  construction  site  for  the  same 
purpose.  The  strong  blast  of  exhaust  gases  cleared  the  open  water  of  sludge 
and  small  pieces  of  ice. 

In  placing  the  loam  for  the  apron  of  the  cofferdam  an  opening  in  the 
ice  2 m wide  and  40-50  m long  was  cut  manually  along  the  line  where  fill  work 
was  to  begin.  Then  the  loam  was  unloaded  from  the  ice  directly  into  the 
water  in  such  a way  that  it  covered  the  upstream  slope  of  the  previously 
built  blanket  seal  of  the  cofferdam.  When  the  first  line  of  fill  was  com- 
plete the  opening  was  widened  by  cutting  out  a strip  of  ice  2 m wide  and 
shifting  it  toward  the  fill  that  had  already  been  placed  in  the  apron 
(see  Figure  6-11).  Then  more  loam  was  unloaded  into  the  water,  etc.  The 
individual  mounds  were  not  spread  out  under  the  water.  Each  vehicle  was 
unloaded  at  strictly  defined  locations. 
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Figure  6-11.  Wincer  fill  work  for  an  apron  under  water. 

1 - Blanket  seal  of  cofferdam;  2 - Loam  fill  for  the  apron; 
3 - Open  water;  4 - Ice. 


Test  pits  showed  good-quality  packing  of  the  loam  in  the  cofferdam 
seal.  The  bulk  density  of  the  soil  skeleton  ranged  from  1.85  to  2.05  g/cm  . 
Seepage  through  the  cofferdam  was  insignificant,  so  that  work  could  be  done 
in  preparing  the  dam  foundation,  excavating  rock,  and  placing  cement  in  the 
grouting  tunnel  and  its  wings  with  practically  no  need  to  pump  water.  The 
maximum  head  pressure  on  the  cofferdam  was  9.5  m. 

Thus  the  possibility  of  wide  use  of  soil  fill  under  water  in  the 
winter  under  conditions  of  the  Far  North  is  very  attractive.  But  basic 
difficulties  with  chis  include  inadequate  information  on  questions  of  the 
consolidation  of  soil  placed  as  underwater  fill,  particularly  when  partial 
freezing  occurs,  and  also  the  difficulty  in  maintaining  normal  temperature 
conditions  in  the  pool  to  prevent  the  formation  of  ground  ice,  etc.  Serious 
difficulties  are  encountered  in  solving  the  problem  of  controlling  ice 
formation  on  the  surface  of  water  openings  and  removing  substantial  amounts 
of  ice  and  sludge  from  the  working  area.  And  ice-removal  techniques  must 
be  used  which  will  entirely  prevent  the  incorporation  of  ice  in  the  body  of 
the  seal. 


In  building  the  dam  for  the  S erebryanskaya  Hydroelectric  Power  Station 
in  1968,  the  water  in  the  pool  was  heated  to  +8°C  using  special  tanks.  In 
order  to  reduce  heat  losses,  the  surface  of  the  pond  was  covered  with  sheets 
of  polystyrene  foam  [95], 

Another  problem  that  has  received  little  attention  is  that  of  the 
consolidation  of  soil  placed  on  a frozen  foundation.  We  know  that  the 
consolidation  of  soil  placed  under  water  depends  on  the  rate  of  percolation 
of  water  from  the  soil  to  the  foundation  and  the  lateral  prisms,  which  usually 
are  placed  dry.  Under  construction  conditions  in  the  Far  North  the  foundation 
of  the  first  section  of  a blanket  seal  or  core  consists  of  very  cold  perma- 
frost, so  that  consolidation  of  the  earth  is  possible  only  via  water  drainage 
through  the  lateral  supporting  prisms.  The  same  unfavorable  conditions  for 
consolidation  occur  in  placing  the  succeeding  layers,  since  the  upper  portion 
of  each  layer  of  soil  freezes  as  it  is  being  placed  and  becomes  relatively 
impermeable  to  water. 


The  problem  of  drainage  through  the  lateral  prisms  of  an  embankment 
also  becomes  complicated  because  in  this  case  water  percolates  through  a 
cold  porous  medium*  the  percolation  capacity  of  which  depends  on  the  com- 
paction of  the  earth  in  the  lateral  elements  of  the  embankment  and  the 
extent  of  cooling  of  the  earth  in  them.  Clogging  of  the  pores  by  the  ice 
that  forms  is  inevitable*  and  this  will  prevent  further  percolation*  and 
thus  further  consolidation  of  the  fill  work. 

In  1964  a method  was  developed  at  the  Vilyuy  Hydroelectric  Power 
Station  construction  project  for  building  a loam  blanket  seal  with  earth 
fill  under  water  during  the  winter*  but  this  technology  was  never  put  to 
use. 

According  to  this  method*  water  from  the  river  at  a temperature  of 
1-1. 5°C  was  to  be  pumped  into  the  pool.  In  order  to  create  a normal  thermal 
regime  in  the  pool*  it  was  planned  to  heat  the  water  in  it  to  +20°C,  and 
construction  of  a special  boiler  was  planned  for  this  purpose  (see  Figure  6-12). 

In  order  to  prevent  the  formation  of  ground  ice  at  the  time  the  pool 
was  filled*  it  was  planned  to  heat  the  foundation  of  the  work  area  with  a 
turbojet  apparatus  and  also  to  treat  it  with  a concentrated  solution  of 
calcium  chloride. 

In  order  to  reduce  heat  loss  through  ice  formation  on  the  surface 
of  the  pond*  it  was  planned  to  build  an  insulating  layer  of  foam  ice  up  to 
20  cm  thick. 

Before  flooding  the  next  work  area  the  surface  of  the  previously 
placed  loam  was  to  be  carefully  cleansed  of  ice*  snow*  mud,  and  uncompacted 
earth*  treated  with  a solution  of  calcium* chloride , and  heated  with 
turbojet  equipment.  The  pools  for  the  second  and  subsequent  layers  may 
be  built  by  mounding  up  any  sort  of  earth  and  covering  it  with  film.  Thus* 
earth  filling  under  water  consists  of  a series  of  successive  operations, 
including  the  "dry"  building  of  transverse  and  longitudinal  dikes,  pumping 
water  in,  creating  and  maintaining  an  area  of  open  water,  placement  of 
the  soil  in  the  water,  etc.  All  these  operations  must  be  carried  out  in  a 
strict  and  straightforward  manner.  For  instance,  unplanned  interruption 
of  the  fill  work  before  the  work  area  is  completely  flooded  would  lead  to 
saturation  and  freezing  of  the  earth*  which  would  cause  heaving  and  de- 
formation of  the  embankment.  Nor  is  it  permissible  to  stop  removing  ice  or 
cease  circulating  warm  water  in  the  pool*  and  if  the  power  supply  at  the 
construction  site  is  not  reliable*  such  a possibility  is. not  out  of  the 
question,  so  that  use  of  this  technology  should  be  rejected. 

We  feel  that  in  the  future,  when  reliable  methods  are  available  for 
controlling  ice  formation  on  the  bottom  and  for  maintaining  the  necessary 
thermal  regime  in  the  pool*  and  when  operations  are  properly  organized,  earth 
fill  under  water  may  be  used  successfully  to  build  watertight  embankments 
under  winter  conditions. 
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Earth  with  any  content  of  lumps  of  any  size  is  suitable  for  building 
structures  using  the  under  water  earth  fill  method:  from  uniform  powdery 
material  to  large  blocks.  When  frozen  ground  is  used,  the  fill  should 
contain  40-602  thawed  material. 

Table  6-2  given  the  granulometric  composition  of  earth  placed  by 
the  underwater  fill  method  in  building  the  Irkutsk,  Iriklinskaya,  and  Vilyuy 
Hydroelectric  Power  Stations. 


Table  6-2 

Granulometric  Composition  of  Earth 
Placed  by  the  Underwater  Fill  Method 


Hydroelectric  station,  structure 


Irkutsk  HPS,  core  of  dam 

Iriklinskaya  HPS,  apron  and  blanket 
seal  of  dam 

Vilyuy  HPS,  blanket  seal  and  apron 
of  cofferdam 


Content,  Z;  particle  size,  mm 


>i.o 

1—0,5 

0.5- 

0.25 

0.23— 

0.10 

0.10- 

0.05 

0,05— 

0,01 

0.01- 

0,005 

<0.006 

0.1 

0.3 

0.4 

3.2 

17, C 

43.3 

11.3 

18.3 

0.3 

0.1 

0.7 

3.0 

13.3 

37.2 

15.5 

29.9 

57.14 

5.29 

5.49 

6.17 

9,0 

9.51 

2.81 

4.49 

6-5.  SPECIFICATIONS  FOR  COHESIVE  SOILS  FOR  WINTER  PLACEMENT 

The  suitability  of  material  for  earth  dams  is  determined  on  the  basis 
of  its  physical  and  mechanical  properties:  its  impermeability  to  water, 
strength,  placement  properties,  etc.  At  the  same  time  we  keep  in  mind,  of 
course,  the  part  of  the  dam  profile  for  which  this  material  is  intended: 
the  supporting  prism,  which  withstands  the  hydrostatic  pressure  and  affords 
strength  to  the  entire  structure;  the  antiseepage  components,  or  areas  of 
the  cross-sectional  profile  in  which  drainage  is  provided.  Curves  showing 
the  granulometric  composition  of  earth  used  in  the  blanket  seal  and  filters 
of  the  Vilyuy  dam  are  presented  in  Figure  6-13. 

Two  types  of  material  are  used  in  the  supporting  zone  of  the  body  of 
a dam.  Sometimes,  however,  in  the  construction  of  unfrozen  dams  there  is 
a limitation  on  the  content  of  ice-saturated  and  muddy  materials,  which  lose 
their  strength  when  wet,  the  content  of  material  with  water-soluble  admix- 
tures, and  the  content  of  topsoil. 

Muddy  materials  are  not  suitable  for  the  main  body  of  unfrozen  dams 
because  in  the  saturated  state  they  have  a very  small  angle  of  internal 
friction  and  very  little  cohesion.  In  order  to  have  the  necessary  strength 
the  supporting  portion  of  the  body  of  such  a dam  would  have  to  be  very  flat. 
For  instance,  the  South  Saskatchewan  Dam  in  Canada,  which  is  built  of  silty 
and  muddy  earth,  has  slopes  with  a gradient  of  1:20.  It  is  quite  possible 
to  use  muddy  materials  in  the  body  of  frozen  dams. 


151 


^ ■!  i niiff  iiiiiii  miiiii 


iiiiimi 


MM  i j 


ozmsoan 


S 1,0  l I 10  Z 


fJimcwwi  RvjK6*/rw€  V#  fiscvoiw f rpjffau-OpKBs  UleSenk-coMkng 


•ocnutl,  MM  X • y • 


Figure  6-13.  Curves  showing  the  granulometric  composition  of  earth 
used  in  the  Vilyuy  dam. 

Key*  p - Seal;  q - Filter  layer  1 5 r - Filter  layer  II; 
s - Particle  content,  2}  t - Clay;  u - Silt;  v - Sand;  w - Particle 
diameter,  mm;  x - Small  gravel;  y - Cobbles  and  large  gravel; 
z - Stones. 

Cobbles,  small  gravel,  and  sandy-gravelly  materials  are  widely  used 
for  supporting  prisms.  These  materials  can  be  used  in  the  body  of  a dam 
whatever  the  negative  temperatures  of  the  outside  air. 

Loams  are  a good  material  for  the  basic  profile  of  the  body  of  a 
dam  and  for  the  antiseepage  components.  Loams  are  relatively  impermeable 
to  water  and  have  adequate  strength.  The  physical  and  mechanical  properties 
of  clay  are  also  suitable  for  the  basic  profile  of  the  body  of  a dam.  Their 
drawback  is  that  they  heave  when  frozen.  Therefore  it  is  recommended  that 
dams  made  of  such  materials  be  provided  with  a protective  covering  of 
material  not  subject  to  heaving  over  the  entire  exterior. 

Earth  for  antiseepage  structures  should  have  a low  permeability  to 
water,  a low  percolation  coefficient.  Loams,  clays,  muds,  peat,  natural 
earth  mixtures  with  definite  ratios  of  component  particles,  as  well  as 
artificial  earth  mixtures  are  all  suitable  for  antiseepage  elements.  In 
selecting  material  for  antiseepage  elements  one  should  take  into  account 
their  strength  in  addition  to  their  permeability  to  water. 

Natural  clay  materials  usually  satisfy  the  requirements  for  their 
use  in  antiseepage  structures  of  dams  built  of  local  materials.  Limitations 
which  may  exist  with  respect  to  these  materials  are  concerned  not  with  their 
physical  and  mechanical  properties  but  with  technical  construction  problems. 
For  example,  excessively  wet  earth  cannot  be  compacted. 

Earth  for  seals  and  core  should  meet  requirements  for  watertightness 
and  resistance  to  piping.  If  natural  sand-gravel  materials  are  not  resistant 
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Co  piping  Chen  for  use  in  filcers  chey  should  be  mixed  vich  ocher  macerials 
or  crushed  scone  should  be  used  of  appropriace  particle-size  composition 
to  assure  seepage  resistance  of  the  seal  or  core. 

In  building  dams  on  permafrost,  when  one  is  not  sure  of  che  nature 
of  deformations  in  Che  foundation  and  che  body  of  the  dam  itself,  one  should 
make  use  of  a transition  2one  containing  at  least  two  layers,  which  will 
assure  resistance  to  piping  in  the  seal  or  core  even  when  cracks  running 
all  the  way  through  them  develop. 

Before  construction  operations  begin,  borrow  pits  should  be  carefully 
explored  and  studied,  and  the  physical  and  mechanical  properties  of  the  earth 
should  be  investigated.  The  results  of  these  investigations  should  tell 
whether  the  borrow  materials  can  be  used  in  the  various  structural  elements 
of  the  dam,  and  should  also  provide  a basis  for  defining  specifications 
for  the  earth  to  be  used  and  for  che  quality  of  placement  in  che  structures, 
i.e.  specifications  with  respect  to  density.  The  earth  is  tested  under 
laboratory  conditions  to  determine  its  permeability  to  water,  compressibility, 
strength,  etc. 

If  a gravelly  loam  is  intended  for  use  in  the  body  of  a dam,  its 
engineering  geology  characteristics  should  be  focussed  mainly  on  the 
characteristics  of  the  fine  earth  (i.e.  to  the  content  of  particles  smaller 
than  2 mo),  and  therefore  all  tests  in  this  case  are  conducted  on  the  fine 
earth. 


The  percolation  coefficient  of  most  cohesive  soils  usually  falls 
in  the  range  of  A*l(j  cm/sec  with  pressures  within  the  skeleton  of  the  soil 
from  0-1.5  kg /cm  . As  special  tests  have  shown  (tests  conducted  by  the 
Kalinin  Polytechnic  Institute  of  Leningrad  on  gravelly  loams  of  various 
compositions  which  were  the  weathering  product  of  diabases),  some  variations 
in  the  granulometric  composition  of  the  earth  do  not  have  any  essential 
influence  on  its  permeability.  A percolation  coefficient  A *10  cm/sec  is 
adequate  to  assure  the  necessary  impermeability  to  water  and  rapid  consolida- 
tion of  the  soil  after  it  is  packed  into  the  body  of  a structure.1 

The  shear  characteristics  of  soil  usually  are  determined  on  single- 
shear devices.  But  in  the  Far  North  soils  are  subject  to  the  systematic 
influence  of  periodically  fluctuating  positive  and  negative  temperatures. 
Hence  there  is  a question  as  to  the  influence  of  repeated  freezing  and 
thawing  of  the  soil  on  its  strength  characteristics. 

As  a result  of  experiments  conducted  during  the  construction  of  the 
Vilyuy  Hydroelectric  Power  Station  it  was  determined  that  freezing  followed 


^Report  on  a research  project  entitled  "Study  of  Borrow  Material  for  the 
Earth  Seal  on  the  Vilyuy  Hydroelectric  Power  Station  Dam,"  1962  (Kalinin 
Polytechnic  Institute  of  Leningrad). 
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by  thawing  has  practically  no  influanca  on  tha  shear  resistance  of  a soil. 

The  shear  resistance  of  the  Vilyuy  gravelly  loams  had  average  values  of 
♦ ■ 30-33°  and  c ■ 0.1  kg/cm^.  From  an  analysis  of  the  data  obtained  and 
in  view  of  the  fact  that  the  granulometric  composition  of  the  borrow  material, 
even  though  artificially  mixed,  will  show  a certain  lack  of  uniformity, 
the  following  design  values  were  adopted  for  this  construction  project: 

6 ■ 27-28°  and  c » 0.1  kg /cm2,  while  the  control  value  for  the  bulk  density 
of  the  fine-earth  skeleton  was  1.6-1.65  g/cm  . The  shear  characteristics 
indicated  above  are  provided  with  this  exact  bulk  density  of  the  fine-earth 
skeleton. 

At  the  same  time,  when  the  content  of  coarse  material  (particles 
larger  than  2 ns)  is  up  to  55Z,  the  strength  and  percolation  properties 
of  the  soil  are  determined  not  only  by  the  bulk  density  of  the  fine-earth 
skeleton  but  also  by  that  of  the  entire  soil  mixture,  including  both  coarse 
and  fine  material.  Therefore,  specifying  the  density  of  an  embankment  on 
the  basis  of  a control  value  for  the  fine  earth  of  1.60-1.65  g/cm  , in  our 
opinion  will  result  in  a soil  density  that  is  too  high,  but  in  the  final 
analysis  this  will  add  to  the  reserve  strength  of  the  structure. 

In  building  the  Vilyuy  dam  the  bulk  density  of  the  fine-earth 
skeleton  was  determined  as  follows,  where  we  knew  the  values  of  the  bulk 
density  of  the  soil  as  a whole,  the  specific  gravity  of  the  coarse  material, 
and  the  relative  content  of  coarse  material  by  weight  in  the  total  volume 
of  soil. 


The  weight  of  the  fine  earth  Pf  (particles  smaller  than  2 mm)  in  a 
unit  volume  of  soil  is  equal  to: 

- Ts.sk.  d-V1"  «-i> 

where  Ys.sk  ’■s  c^e  bulk  density  of  the  skeleton  of  the  soil  as  a whole 
(the  mixture  as  a whole);  and  Pc  is  the  content  by  weight  of  coarse  material 
(particles  larger  than  2 mm). 

If  the  soil  volume  is  taken  as  unity,  then  the  volume  of  fine  earth 
minus  the  volume  occupied  by  the  coarse  material  will  be  equal  to: 

Uf  « 1 - — , (6.2) 

where  yc  is  the  specific  gravity  of  the  coarse  material. 


The  formula  for  determining  the  bulk  density  of  the  fine-earth 
skeleton  has  the  following  form: 


1 f . sk. 


tc^s.sk/1  Pc 
Yc  Jfs.skFc 


) 


(6.3) 


It  must  be  mentioned  that  in  this  case  by  the  bulk  density  of  the 
fine  earth  skeleton  (3^.Sfc)  we  mean  the  density  of  the  fine  earth  in  the 
spaces  between  the  coarse  and  skeletal  material. 
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The  possibility  of  compacting  gravelly  loam  to  Yf  1.60-1.65  g/cm1 

was  studied  under  field  conditions  in  the  vicinity  of  tne  construction  site. 
Layers  of  loam  containing  frozen  lumps  were  packed  into  the  blanket  seal 
of  an  experimental  dam  for  this  purpose. 


It  was  concluded  from  the  experiments  that  it  is  impossible  to  compact 
soil  containing  a significant  amount  of  large  frozen  lumps  to  a control 
bulk  density  of  the  fine  earth  skeleton  equal  to  1.60-1.65  g/cm 3 using  dump 
trucks.  In  order  to  achieve  the  control  density  of  the  soil  it  is  necessary 
to  limit  the  content  of  frozen  lumps  to  7t  with  lumps  no  larger  than  10-15  cm 


A fine-earth  skeleton  bulk  density  of  1.65  g/car  and  a permissible 
content  of  coarse  material  equal  to  55Z,  the  bulk  density  of  the  skeleton 
of  the  complete  soil,  consisting  of  coarse  material  and  fine  earth,  according 
to  (6-3)  should  be  equal  to  2. 2-2. 3 g/cm  , which  is  close  to  the  bulk  density 
of  concrete. 


On  the  basis  of  investigations  by  the  NIS  Gidroproyekt  and  the 
Lengidroproyekt , the  "Technical  specifications  for  packing  the  earth  seal 
of  the  Vilyuy  Hydroelectric  Power  Station  dam”  were  developed.  These  set 
the  following  requirements  for  the  gravelly  soil  intended  for  packing  into 
the  blanket  seals 


the  percolation  coefficient  of  the  soil  packed  in  the  seal  should 
not  exceed  A *10  cm/sec; 


the  shear  resistance  parameters  for  the  fine  earth  w£en  tested  in  . 

a stabilized  state  under  water  should  be  at  least  4>  * 27-28°  and  c * 0.1  kg/cm  ; 

the  moisture  content  of  the  soil  being  placed  should  fall  in  the 
range  of  6-13Z; 


boulders  and  pieces  of  frozen  ground  with  diameters  larger  than  half 
the  thickness  of  a layer  may  not  be  packed  into  the  body  of  the  seal;  and 


soil  containing  more  than  7Z  frozen  lumps  may  not  be  used 


6-6.  CHEMICAL  TREATMENT  OF  COHESIVE  SOILS  DURING  WINTER  PLACEMENT 


a)  Fundamentals  of  Chemical  Protection  of  Soils  from  Freezing 


High-quality  dry  placement  of  cohesive  earth  at  negative  temperatures 
is  possible  if  the  earth  remains  at  a positive  temperature  during  the  entire 
process  or  is  in  a plastic-frozen  state. 


The  strength  of  frozen  ground,  of  course,  depends  on  the  amount  of 
frozen  water  in  the  pores  of  the  ground.  Hence  the  composition,  structure, 
and  properties  of  frozen  ground  are  determined  by  the  presence  of  ice  in 
it  as  a rock-forming  mineral.  But,  in  addition  to  the  solid  ice  component, 
frozen  ground  also  contains  liquid  and  gaseous  components.  Hence  water  is 


present  in  frozen  ground  in  three  states.  The  freezing  of  ground,  i.  e. 
the  formation  of  ice  in  it,  occurs  when  water  reacts  with  the  mineral  part 
of  the  ground.  This  process  and  its  intensity  depend  on  the  mineralogic 
composition  of  the  ground  as  well  as  on  the  composition  of  the  water  and 
its  mineralization.  The  more  highly  dispersed  the  ground,  the  stronger  the 
interaction  of  the  water  with  the  mineral  skeleton  and  the  more  complex 
the  processes  of  freezing. 


The  following  phases  are  distinguished  in  dispersed  frozen  ground: 
a solid  phase,  consisting  of  the  mineral  skeleton  of  the  ground  ice;  a 
liquid  phase,  consisting  of  water  which  has  not  frozen  at  a given  temperature 
and  the  salts  dissolved  in  it;  and  a gas  phase  (water  vapor).  There  is  a 
very  clear  increase  in  the  amount  of  unfrozen  water  as  the  degree  of  dis- 
persion of  the  ground,  i.e.  its  specific  surface,  increases,  as  has  been 
shown  by  Z.  A.  Nersesova  (see  Figure  6-14).  For  an  understanding  of  the 
properties  of  frozen  ground  and  the  processes  taking  place  within  it,  one 
must  take  into  account  the  fact  that  water  is  present  in  unfrozen  ground 
as  gravity  or  free  water  and  bound  water,  and  that  bound  water  may  remain 
in  the  liquid  (unfrozen)  state  even  at  negative  temperatures. 


u -s  -n  -a  - to  m -vi  -so 
y*  'Temepcmypa,% 

Figure  6-14.  Content  of  unfrozen  water  in  different  types  of 
ground  as  a function  of  temperature. 

1 - Sand;  2 - Loamy  sand;  3 - Loam;  4 - Clay;  5 - Clay  containing 
montmori 1 loni t e . 

Key:  x - Quantity  of  the  liquid  phase,  1 by  weight  of  the  dry 
soil;  y - Temperature,  °C. 

Z.  A.  Nersesova  [65]  distinguishes  several  types  of  water  in  frozen 
ground:  water  in  the  gas  phase;  water  of  variable  aggregate  state  (solid 
or  liquid,  freezing  or  thawing  at  a temperature  below  0°C);  tightly  bound 
water,  which  does  not  change  its  state  with  a change  in  temperature;  and 
water  in  the  solid  phase,  i.e.  ice,  which  forms  at  a temperature  of  0°C 
and  does  not  thaw  at  temperatures  below  0°C. 


The  temperature  at  which  the  freezing  of  water  is  initiated  in  the 
ground  depends  mainly  on  the  thickness  of  the  water  films  as  well  as  on  the 
content  of  salt  in  dissolved  form.  Freezing  is  initiated  at  different 
temperatures  in  soils  with  different  granulometric  compositions  when  their 
moisture  content  is  low,  as  is  apparent  from  Figure  6-14.  The  freezing 
initiation  temperature  in  sand  and  loamy  sand  usually  is  about  zero,  while 
in  loams  and  clays  this  temperature  may  be  significantly  lower. 

If  the  water  in  the  pores  of  the  ground  contains  dissolved  salt  and 
the  soil  solution  has  a relatively  high  concentration,  the  freezing  initiation 
temperature  of  the  ground  will  be  significantly  lower. 

Studies  conducted  under  the  direction  of  N.  A.  Tsytovich  by  staff 
of  the  Institute  of  Permafrostology  of  the  USSR  Academy  of  Sciences  has 
established  the  so-called  principle  of  the  equilibrium  state  of  water  in 
frozen  ground:  the  quantity,  composition,  and  properties  of  unfrozen  water 
contained  in  frozen  ground  do  not  remain  constant  but  change  as  external 
influences  change,  being  in  dynamic  equilibrium  with  the  latter  [98]. 

This  principle  of  the  equilibrium  state  of  water  and  ice  in  frozen 
ground  provides  a basis  for  a correct  approach  to  the  consideration  of 
the  physical  properties  taking  place  in  frozen  ground,  including  artificially 
salinized  ground,  and  for  assessing  the  influence  of  external  factors  on 
changes  in  the  mechanical  properties  of  the  frozen  ground. 

An  important  conclusion  can  be  drawn  from  this,  to  the  effect  that 
by  treating  the  ground  in  the  right  way  one  can  impart  to  it  properties 
such  that  even  at  negative  temperatures  it  will  remain  in  an  unfrozen  state 
[93]. 

The  method  of  chemical  protection,  based  on  the  properties  and 
solutions,  is  ordinarily  used  to  prevent  the  freezing  of  the  ground  or  to 
lower  its  freezing  temperature:  the  freezing  temperature  of  a solution  is 
lowered  as  the  concentration  of  substances  dissolved  in  it  increases. 

Usually  the  content  of  water-soluble  salt  in  cohesive  soil  is  low  and 
the  concentration  of  the  soil  solution  is  low.  Therefore  in  most  cases 
freezing  of  cohesive  soils  begins  at  a temperature  close  to  0°C.  Application 
of  a water-soluble  salt  to  the  ground  has  the  result  that,  as  the  salt  dis- 
solves in  the  soil  solution,  its  concentration  increases  and  the  freezing 
temperature  of  the  soil  solution  declines,  and  therefore  that  of  the  ground 
itself  as  well. 

When  a water-soluble  salt  is  applied  to  cohesive  soil,  the  content 
of  loosely  bound  water  decreases.  Then  the  water  in  the  pores  of  the  soil 
is  present  in  two  states:  in  the  state  of  tightly  bound  water  and  in  the 
state  of  a free  soil  solution.  Since  tightly  bound  water  has  no  dissolving 
capacity,  further  application  of  salt  to  the  ground  results  only  in  increasing 
the  concentration  of  the  soil  solution. 
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By  increasing  Che  concentration  of  the  soil  solution  one  can  produce 
a condition  in  which  the  ground  will  not  freeze  even  though  it  is  at  a 
negative  temperature.  Thus  the  chemical  method  of  controlling  the  sus- 
ceptibility of  soils  to  freezing  during  the  winter  consists  of  increasing 
the  concentration  of  the  soil  solution  by  adding  water-soluble  salts  to  the 
ground . 

When  unsaturated  aqueous  sale  solutions  freeze,  only  part  of  the 
solvent  crystallizes  initially  and  the  concentration  of  the  unfrozen  solution 
increases,  so  that  its  freezing  temperature  does  not  remain  constant  but 
gradually  is  lowered.  This  change  in  temperature  continues  down  to  a 
definite  limit,  called  the  eutectic  point,  at  which  both  the  solvent  and 
the  dissolved  material  are  converted  to  the  solid  state  simultaneously. 


Formation  of  a eutectic  mixture  in  solutions  is  observed  at  very 
definite  values  of  temperature  and  solution  concentration.  Thus  the  eutectic 
temperature  most  often  used  in  construction  practice  to  control  the  sus- 
ceptibility of  sodium  chloride  to  freezing  is  equal  to  -21.2°C  at  a con- 
centration of  0.271  g/cm  , and  for  calcium  chloride  this  temperature  is 
-55°C  with  a concentration  of  0.402  g/cm3. 

Freezing  temperatures  for  calcium  chloride  solutions  are  given  in 
Table  6-3  [4], 

Table  6-3 


The  Freezing  Temperature  of  Calcium  Chloride  Solutions 


Specific  gravity  of  the 
solution  at  a temperature 
of  -15°C,  g/cm 3 


Content  of  water-free 
salt  per  liter  of 
solution,  kg 


Freezing  temperature, 
°C 


1 .01 

0,013 

—0,6 

1,05 

0,062 

-3,0 

1,09 

0,114 

— 6, 1 

1,13 

0,166 

—10,2 

1.21 

0,276 

—23,2 

1.23 

0,304 

-28,3 

1.25 

0,334 

—34,6 

1,27 

0,363 

—43.6 

1,285 

0,402 

-55,0 

.... 

- ‘ • — 

*■ 

When  the  ground  temperature  is  not  below  -21°C,  use  of  sodium  chloride 
is  recommended;  if  the  ground  temperature  drops  below  that  value,  then 
calcium  chloride  should  be  used.  The  amount  of  salt  (in  kilograms)  to  be 
applied  per  square  meter  of  ground  may  be  determined  from  the  following 
formula  [93]: 

1000r  Wdat".l 


(100+Wgrp] 


:r  -atnr 
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where  t_r  is  the  bulk  density  of  the  ground  (g/cm3);  t is  the  absolute 
value  of  the  negative  temperature  (°C);  W.  is  the  amount  of  water  involved 
in  dissolving  the  salt  (Z);  W^r  is  the  moisture  content  of  the  ground  (Z); 

Js  is  the  bulk  density  of  the  solution  (g/cm3);  and  a and  n are  factors  which 
epend  on  the  type  of  salt  used  and  the  air  temperature  (see  Table  6-4), 

Table  6-4 


Temperature  intervals  (°C) 

a 

n 

NaCl 

CaCl2 

NaCl 

CaCl2 

From  0 to  -4 

0.0167 

0.023 

2.0 

0.92 

From  -4  to  -14 

0.021 

0.033 

0.86 

0.68 

From  -14  to  -21.2 

0.045 

0.037 

0.59 

0.65 

From  -21.2  to  -32 

0.051 

• 0.54 

Studies  have  shown  that  a content  of  water-soluble  salt  in  the  grotnd 
not  exceeding  2-4Z  of  the  soil  mass  does  not  produce  significant  changes 
in  the  basic  structural  properties  of  the  soil.  Salinized  cohesive  soil 
can  be  reliably  recommended  for  water-retaining  structures  built  by  the 
unfrozen  method.  The  process  of  salinization  of  the  soil  takes  place  over 
a long  period  of  time,  and  the  change  in  basic  structural  properties  of 
the  soil  in  this  case  is  also  small  [93]. 

It  appears  that  salinization  of  soils  is  not  permissible  for  water- 
retaining  structures  built  by  the  frozen  method. 

b)  Treatment  of  the  Layer  Interfaces  with  Salt  Solutions 

More  and  more  use  is  now  being  made  of  the  technique  of  treating 
interfaces  with  salt  solutions  when  using  cohesive  soils  for  fill  in  the 
winter.  The  first  large-scale  use  of  such  treatment  under  production  con- 
ditions was  in  the  building  of  the  Vilyuy  dam.  Experiments  conducted  at 
the  construction  site  of  the  Vilyuy  dam  preceded  broad  use  of  chemical 
treatment  of  the  soil. 

Experimental  salinization  of  work-area  surfaces  was  carried  out  in 
the  laboratory  and  then  directly  at  the  work  site.  After  being  leveled 
out  with  a bulldozer,  the  soil  surface  was  flooded  with  a concentrated 
calcium  chloride  solution  prior  to  compaction.  After  compaction  the  surface 
of  the  layer  was  soft,  relatively  flat,  and  smooth,  and  there  was  no  doubt 
about  the  quality  of  the  contact  with  the  succeeding  layers.  It  was 
determined  that  the  portion  of  the  layers  treated  with  salt  to  a definite 
depth  remained  in  a soft  condition  even  at  negative  temperatures  as  a result 
of  the  reduction  in  the  freezing  temperature  of  the  soil  solution,  and  this, 
of  course,  tended  to  improve  the  compaction  of  the  soil,  especially  at  the 
interface  between  layers. 
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The  moisture  content  of  the  free  soil  solution,  or  the  content  of 
water  involved  in  dissolving  the  salt  (Wgr)  was  determined  as  the  difference 
between  the  average  moisture  content  of  the  soil  by  weight  and  the  content 
of  tightly  bound  water  (Wtb). 

With  an  average  soil  moisture  content  by  weight  of  10%  and  a content 
of  tightly  bound  water  of  1%,  the  average  moisture  content  of  the  soil 
solution  was  considered  to  be  9%.  The  average  content  of  coarse  material 
was  52%.  Therefore  with  a control  value  for  the  bulk  density  of  the  fine- 
earth  skeleton  equal  to  1.6  g/cm  , the  bulk  density  of  the  soil  skeleton 
calculated  by  formula  (6-3)  was  equal  to  2.1  g/cm  r.  The  absolute  moisture 
capacity  of  the  soil  was  13.6%.  The  salt  concentration  per  liter  of  solution 
was  assumed  to  be  368  g of  calcium  chloride  and  271  g of  sodium  chloride. 

When  the  soil  was  treated  with  the  solution,  the  upper  limit  of 
moisture  content  was  determined  by  the  cumulative  moisture  content  (the 
moisture  content  of  the  soil  plus  the  water  introduced  with  the  solution), 
which  was  equal  to  the  moisture  capacity  at  a soil  skeleton  bulk  density 
of  2.1  g/cm  . Further  increase  in  the  moisture  content,  as  experience  has 
shown,  degrades  the  compaction  properties  of  the  soil  and  creates  super- 
saturated layers. 

The  temperature  at  the  surface  of  the  soil  at  the  moment  compaction 
of  a layer  is  finished  drops  to  -6  or  -8°C,  according  to  observed  data, 
and  the  temperature  at  a depth  of  3-4  cm  ranges  from  -1°  to  +2°C.  These 
results  show  that  the  amount  of  solution  used  depends  not  only  on  the  moisture 
content  and  bulk  density  but  also  on  the  depth  of  salinization,  the  soil 
temperature,  and  the  thickness  to  be  treated  with  the  salt  solution.  Calcium 
chloride  treatment  of  a soil  layer  10  cm  thick  in  a compact  object  at  a 
rate  of  0.5  1 of  solution  per  square  meter  will  lower  the  freezing  temperature 
of  the  soil  solution  to  0.5°C,  as  indicated  by  studies  conducted  during  the 
building  of  the  blanket  seal  for  the  Vilyuy  rock  fill  dam;  salt  treatment 
of  a layer  2 cm  thick  will  lower  the  freezing  temperature  to  -2°C,  etc. 

But  the  freezing  temperature  of  the  soil  solution  will  be  significantly 
higher  than  the  temperature  which  is  established  in  the  soil  during  the 
period  of  compaction.  Salt  treatment  of  the  surface  layer,  for  example, 
to  a depth  of  0. 5-1.0  cm  cannot  significantly  improve  the  compaction  qualities 
of  the  soil,  since  with  a freezing  depth  of  10-15  cm  a layer  only  0. 5-1.0  cm 
thick  will  be  in  a soft  condition.  Therefore  the  thickness  of  the  layer 
treated  should  be  close  to  the  freezing  depth  of  the  soil  at  the  moment 
of  compaction,  and  the  temperature  of  initiation  of  freezing  of  the  soil 
solution  should  be  close  to  the  temperature  of  the  soil.  Observations 
in  the  field  have  shown  that  when  the  freezing  depth  at  the  end  of  compaction 
is  7-9  cm,  the  depth  of  salt  treatment  should  be  5-6  cm  at  a rate  of 
2.5-5  1 of  solution  per  square  meter.  In  this  case  the  depth  of  salt  treat- 
ment is  comparable  to  the  depth  of  freezing  and  therefore  the  negative 
effect  of  freezing  is  reduced  to  a minimum. 

The  data  given  above  are  rather  approximate,  since  it  was  assumed 
that  the  salt  applied  to  the  soil  was  evenly  distributed  across  the  depth 
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of  the  layer  treated.  In  actuality,  however,  the  concentration  of  the  soil 
solution  decreases  with  depth,  and  consequently  the  soil  freezing  temperature 
varies  and  the  salt  applied  to  the  soil  is  used  more  efficiently. 


1 


Experience  with  construction  of  the  Vilyuy  dam  has  shown  that  the 
rate  of  application  of  chloride  solutions  should  be  about  2-4  1/nr  of  surface 

treated  depending  on  the  air  temperature  and  the  rate  of  rolling.  This 

will  assure  salt  treatment  in  the  upper  portion  of„A_layer  to  adgpthof 
about  5 cm.  Salt  treatment.-must-b«--dosre^^ Immediately  after  the  soil  is 
leveled  out  while'  the  surface  has  still  not  had  a chance  to  cool  off. 

In  this  case  the  salt  will  penetrate  more  rapidly  into  the  soil.  The  rate 
of  application  of  the  solution  was  strictly  controlled  in  construction  of 
the  Khantayka  dam;  it  was  no  more  than  1.5-2. 5 1/m^  [44]. 


The  solution  concentration  should  be  maximum.  One  must  try  to  add 
as  little  water  to  the  soil  as  possible,  since  compaction  of  supersaturated 
soil  under  winter  conditions  is  difficult.  When  air  temperatures  rise,  the 
concentration  of  the  solution  should  not  be  reduced  but  only  the  rate  of 
application. 


For  more  even  salinization  it  is  necessary  to  furrow  the  surface  of 
Che  soil.  It  is  desirable  to  combine  the  processes  of  irrigation  and 
furrowing  in  a single  piece  of  processing  equipment. 


The  technique  for  salt-treating  the  surface  of  a work  area  adopted 
at  the  Vilyuy  Hydroelectric  Power  Station  project  was  as  follows. 


After  the  surface  of  the  soil  had  been  spread  and  leveled,  it  was 
irrigated  with  a highly  concentrated  solution  of  sodium  or  calcium  chloride 
at  a rate  of  2-4  1/m2  using  a special  truck  equipped  with  a sprinkler 
apparatus  (see  Figure  6-15).  Since  the  moisture  content  of  the  soil  was 
relatively  low  (8-10%),  salt  treatment  with  this  small  amount  of  solution 
gives  good  results  and  did  not  cause  excessive  wetness.  The  upper  and 
lower  parts  of  the  layer,  which  encountered  the  most  unfavorable  temperature 
conditions,  were  maintained  in  a plastic  state  during  the  entire  compaction 
period . 


The  same  technique  of  treating  the  contact  zones  with  a salt  solution 
was  used  in  building  the  Khantayka  Hydroelectric  Power  Station  [44]. 

Rolling  was  begun  only  after  irrigation  with  the  solution,  since 
application  of  the  salt  to  a compacted  surface  does  not  produce  the  desired 
effect.  The  salt  penetrates  a rolled  layer  only  to  a shallow  depth,  so 
that  the  layer  of  soil  freezes,  producing  cracks  in  its  upper  surface. 
Additional  irrigation  of  the  surface  with  the  solution  leads  to  the  forma- 
tion of  a supersaturated  soil  "paste"  on  the  surface,  which  only  hides  the 
surface  formation  of  cracks  and  creates  the  appearance  of  a good-quality 
surface.  If  such  a layer  of  soil  is  examined  in  profile  by  digging  pits, 
the  following  structure  is  seen:  from  the  surface  to  a depth  of  0. 5-0.0  cm 
there  is  a soil-salt  "paste,"  then  a frozen  layer  5-7  cm  thick  covered  with 
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a large  number  of  cracks,  and  only  below  this  do  we  find  we 11 -compacted 
unfrozen  soil. 


Figure  6-15.  Irrigation  of  contact  zones  with  a calcium  chloride 

solution. 

Before  covering  a compacted  area  with  the  next  layer,  its  surface 
is  again  irrigated  with  the  salt  solution.  Creation  of  this  salt  "bed" 
promotes  relatively  rapid  interaction  between  the  lower  zone  of  the  soil 
fill  and  the  salt  solution.  This  in  turn  assures  that  the  soil  in  this 
zone  remains  in  a plastic  state  and  makes  it  possible  to  compact  it  before 
it  begins  to  freeze.  Careful  salinization  of  the  lower  zone  of  the  layer 
of  fill  is  particularly  important,  since  the  temperature  of  the  previously 
placed  layer  drops  rapidly  after  it  has  been  compacted,  especially  if  there 
are  no  interruptions  in  the  placement. 

At  the  moment  of  placement  there  is  a strong  supercooling  of  the 
fill  soil  at  the  interface  between  the  layers  which  interferes  with  compaction. 
In  order  to  prevent  this  supercooling,  as  was  already  mentioned,  a hot  jet 
device  is  used  during  the  salt  treatment  process.  The  high  temperature  of 
the  exhaust  gases  of  this  device  assure  effective  heating  of  the  soil  surface. 

Experiments  were  conducted  on  the  placement  of  loams  with  a high 
moisture  content  (172)  in  which  the  soil  was  treated  with  sodium  chloride 
in  powder  form.  But  the  salt  powder  dissolved  very  slowly  and  even  treatment 
of  the  soil  was  not  achieved.  Therefore  individual  areas  were  able  to  begin 
freezing  before  compaction.  Harrowing  the  surface  of  such  a layer  also 
had  little  effect,  since  repeated  harrowing  of  soil  which  actually  was  still 
not  salinized  resulted  only  in  additional  losses  of  heat  from  it. 

: 
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Tests  conducted  under  operational  conditions  showed  that  even  in  the 
case  of  supersaturated  soil  the  surface  must  be  salt-treated  with  highly 
concentrated  solutions  and  not  by  applying  salt  in  powder  form,  provided 
this  does  not  produce  excessively  wet  soil. 
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Surface  treatment  of  the  soil  together  with  preliminary  heating  of 
the  surface  prevented  the  formation  of  cracks  and  assured  a solid  contact 
between  the  layers.  A sufficiently  smooth  and  compact  surface  was  produced 
and  the  ground  was  in  a plastic  condition,  which  guaranteed  good  contact 
between  the  layers. 

It  must  be  mentioned,  in  spite  of  the  steps  taken,  the  necessary  fill 
quality  is  not  always  achieved.  Sometimes  the  elimination  of  loose  frozen 
soil  requires  careful  manual  treatment  of  the  surface,  heating  with  a turbo- 
jet device,  and  additional  irrigation  with  a concentrated  salt  solution. 

Such  treatment  of  the  contact  zones  between  layers  requires3considerable 
investment  of  manual  labor  (about  130  man-hours  per  1,000  m of  loam  placed) 
and  substantially  slows  down  the  progress  of  work.  Therefore  one  must  try 
to  keep  the  work  going  continuously  throughout  the  entire  winter  fill  season, 
organizing  on  a sliding  curve  shift  changes, meals,  and  days  off,  reducing 
interruptions  in  the  work  to  a minimum. 

When  there  is  snowfall,  good  results  are  obtained  from  additional 
irrigation  with  the  solution.  This  promotes  melting  of  the  snow  on  the 
surface  of  the  work  area  and  prevents  the  formation  of  an  ice  crust  on  it. 

The  snow  slurry  that  is  formed  is  moved  away  from  the  work  area  with 
graders  or  it  is  blown  away  with  a turbojet  device  operating  at  high  speed. 

In  spite  of  some  additional  complication  and  cost  resulting  from  the  use  of 
additional  salt  treatment  and  machinery,  this  technique  assures  continuous 
operations  and  work  of  good  quality. 

A special  installation  is  recommended  for  preparing  the  salt  solution 
(see  Figure  6-16).  After  being  measured  oyt,  the  calcium  chloride  is  broken 
up  into  pieces,  dropped  into  a heated  20  nr  tank,  and  dissolved  in  water 
heated  with  steam,  which  is  fed  in  under  a pressure  of  1 kg/cm2.  As  it  is 
ready  the  highly  concentrated  solution  is  poured  from  the  first  tank  into 
a distribution  tank  at  a lower  level.  From  here  it  is  delivered  to  the  fill 
area  in  a special  tank  truck.  This  system  of  preparing  the  solution  is 
quite  simple  and  reliable.  Up  to  20-30  nr  of  solution  can  be  prepared  in 
a day. 

6-7.  SUBFACE  HEATING  IN  THE  WINTER  PLACEMENT  OF  COHESIVE  EARTH 

The  need  for  heat  treatment  of  contact  zones  in  addition  to  chemical 
or  salt  treatment  in  the  winter  packing  of  cohesive  soils,  as  experience 
in  the  construction  of  the  Vilyuy  and  Khantayka  dam  has  shown,  is  dictated 
by  the  fact  that  during  leveling  and  rolling  the  temperature  of  the  newly 
placed  soil  rapidly  drops.  Rapid  cooling  of  the  layer  occurs  not  only  from 
the  surface  but  also  from  the  previously  packed  layer  underneath.  The  latter 
situation  is  much  more  hazardous,  since  the  lower  zone  of  the  layer  is 
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under  less  compaction  pressure  and  control  of  soil  freezing  there  is 
difficult. 
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Figure  6-16.  Diagram  of  an  installation  for  preparing  chloride 

solution. 

1 - Storage  shed  for  chloride  salts;  2 - Upper  tank;  3 - Screen; 

4 - Perforated  pipe;  5 - Steam  pipe;  6 - Drain  pipe;  7 - Lower 

distribution  tank;  8 - Heating  grid;  9 - Fill  pipe. 

Keys  x - Steam;  y - Salt. 

During  compaction  a frozen  crust  forms  on  the  surface  of  the  working 
area.  The  thickness  of  this  crust  increases  with  time,  and  after  a certain 
amount  of  time  it  becomes  so  thick  that  it  begins  to  prevent  further  compac- 
tion of  the  soil  below.  The  surface  crust  of  the  layer,  which  has  frozen 
and  lost  its  plasticity,  is  hardly  compacted  at  all,  while  the  soil  under- 
neath is  still  in  the  unfrozen  state  and  could  be  compacted.  If  special 
steps  are  not  taken  to  increase  the  plasticity  of  the  freezing  crust,  a 
network  of  numerous  cracks  appears  on  the  surface  of  a layer  that  has 
been  laid  and  compacted  (see  Figure  6-17).  Because  of  the  lack  of  cohesion 
with  the  soil  below,  the  surface  crust,  which  is  covered  with  cracks,  easily 
breaks  away  along  the  interface  of  the  frozen  soil. 

In  order  to  avoid  these  phenomena,  heat  treatment  of  the  contact 
zones  is  very  effective  in  the  winter  packing  of  cohesive  earth.  An 
industrially  produced  turbojet  device,  type  TM-59,  was  used  for  this  purpose 
in  building  the  dam  for  the  Vilyuy  Hydroelectric  Power  Station.  This  device 
is  ordinarily  used  to  clear  airport  runways  of  ice  and  snow  in  the  winter. 

The  apparatus  (see  Figure  6-18)  consists  of  a VK-l-A  turbojet  engine 
equipped  with  a long  tube  and  a short  funnel-shaped  nozzle.  The  engine  is 
mounted  on  a D-452  chassis  in  such  a way  that  the  jet  pipe  can  be  rotated 
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the  horizontal  plane  to  either  side  of  the  central  axis  and  the  nozzle 
tipped  20°  from  the  horizontal. 


Figure  6-17.  Cracks  on  the  surface  of  a layer 


Figure  6-18.  The  TM-59  heating  device 
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The  engine  warms  up  at  a speed  of  2500  rpm.  The  maximum  operating 
speed  of  the  engine  (9000  rpm)  provides  a gas-air  mixture  with  a temperature 
of  about  +540°C  with  maximum  jet  speeds  of  100  m/sec.  The  device  is  normally 
operated  at  5000-7000  rpm,  where  fuel  consumption  is  750-950  kg/hr.  The 
operating  speed  of  the  engine  is  determined  on  the  basis  of  the  nature  of 
the  surface  treatment  to  be  performed 

During  winter  placement  of  soil  the  use  of  turbojet  devices  is 
particularly  effective  in  preparing  work  areas,  removing  frozen  lumps,  uncom- 
pacted areas,  accumulations  of  snow  and  ice,  etc.,  from  the  surface  of 
previously  placed  areas,  as  well  as  for  heating  frozen  areas  before  they  are 
treated  with  salt.  In  addition  the  device  can  be  used  to  heat  contact  zones 
between  embankments  and  concrete  surfaces  and  previously  packed  areas. 

The  device  can  be  used  for  these  purposes  while  running  at  "low  speed" 
(300-4000  rpm).  In  order  to  avoid  possible  overdrying  of  the  soil,  since 
the  temperature  of  the  air-gas  mixture  is  quite  high,  reaching  300-400°C, 
one  must  strictly  control  the  heating  time  of  individual  areas  and  the 
movement  of  the  device  itself  over  the  fill  area. 

After  a short  period  of  such  treatment,  the  surface  soil  is  heated 
to  a shallow  depth  not  exceeding  1-1.5  cm.  But  since  such  heat  treatment 
of  the  surface  is  carried  out  immediately  before  salt  treatment  and  the 
laying  of  new  batches  of  unfrozen  soil,  even  this  relatively  shallow  heating 
gives  positive  results. 

Deep  heating  is  difficult  to  achieve  and  evidently  not  needed,  since 
a considerable  portion  of  the  heat  is  lost  to  the  atmosphere  during  prolonged 
treatment,  and  prolonged  application  of  high  temperatures  dries  out  the 
soil  too  much,  which  has  a bad  effect  on  the  attachment  of  the  layers. 

After  the  Vilyuy  dam  had  been  built,  heat  treatment  of  contact  zones 
was  used  successfully  in  building  the  Khantayka  Hydroelectric  Power  Station 
dam  [44]. 

6-8.  BORROW  PITS.  DIGGING  AND  STORING  THE  SOIL 


Borrow  pits  for  cohesive  earth  can  be  worked  in  the  Far  North  only 


during  the  summer.  Thawing  of  the  ground  begins  in  the  middle  of  May  and 
ends  in  September.  The  ground  begins  to  freeze  at  the  surface  in  the  first 
half  of  October. 

Borrow  pit  management  is  affected  by  the  frozen  condition  of  the 
earth  in  the  pit,  the  diverse  particle-size  composition  and  moisture  content 
of  the  earth  from  top  to  bottom,  the  short  summer  season,  and  the  large 
scale  of  the  earthwork  involved. 

Borrow  materials  for  building  dams  are  selected  on  the  basis  of 
engineering  geology  studies,  and  other  conditions  being  equal,  preference 
is  given  to  deposits  that  are  closest  to  the  construction  site. 
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Preparatory  operations  for  working  borrow  pits  include*  cutting 
the  trees,  removing  the  topsoil,  and  digging  ditches  to  carry  away  surface 
water.  When  the  soil  is  very  wet,  additional  engineering  melioration  steps 
are  required. 

The  thickness  of  the  active  layer  depends  on  such  factors  as  the 
exposure  of  the  tract,  the  moisture  content  and  lithology  of  the  earth, 
the  presence  of  trees  in  the  area,  the  presence  of  a moss-peat  layer,  etc. 

At  the  end  of  summer  the  active  layer  is  rarely  deeper  than  1.2-1. 5 m. 

Therefore  in  order  to  have  the  necessary  amount  of  unfrozen  soil  in  the 
winter,  it  must  be  prepared  in  the  summer,  and  this  requires  the  use  of 
special  techniques  for  working  the  borrow  pits  as  well  as  a whole  set  of 
measures  for  the  engineering  melioration  of  the  pits. 

Work  begins  with  the  removal  of  snow  from  the  borrow  area  and  cutting 
the  trees.  This  work  is  usually  done  with  bulldozers,  since  the  frozen 
wood  at  the  beginning  of  spring  is  relatively  easy  to  cut  away  from  the 
roots  and  remove  together  with  the  brush  and  snow.  The  cleared  borrow 
area  is  warmed  by  the  spring  sun  long  before  the  now  cover  has  disappeared 
completely. 

Topsoil  removal  begins  when  it  has  thawed  to  a depth  of  no  more  than 
10-15  cm.  Special  attention  must  be  given  to  this  process  to  see  that  it 
is  done  before  thawing  has  extended  beyond  the  layer  to  be  removed.  Otherwise 
good  mineral  earth  is  removed  with  the  topsoil,  and  this  is  most  undesirable. 

In  the  Far  North  the  useful  borrow  material,  which  is  the  weathering  product 
of  the  bedrock,  usually  lies  within  the  active  layer  and  is  no  more  than 
0.6-1. 2 m thick.  Because  of  this,  in  order  to  obtain  sufficient  quantities 
of  earth  with  the  required  particle-size  composition,  the  area  of  the  borrow 
pits  is  large. 

Further  working  of  the  borrow  pit  and  stocking  of  loam  are  also  done 
with  bulldozers  as  the  ground  thaws.  In  the  warm  days  of  spring  and  summer 
the  earth  usually  thaws  to  a depth  of  10-15  cm  during  the  day.  Bulldozers 
operating  on  the  frozen  layer  beneath  cut  away  the  earth  and  move  it  into 
special  piles  (see  Figure  6-19).  Then  it  is  loaded  with  shovels  and 
transported  to  winter  storage  mounds  or  to  the  dam  site,  if  placement  is  to 
be  done  in  the  summer.  This  relatively  simple  method  of  acquiring  cohesive 
earth  can  be  used  in  dry  borrow  pits,  i.e.,  where  the  ice  content  of  the 
earth  in  the  pit  is  small.  But  such  favorable  conditions  are  very  rare  in 
the  permafrost  zone.  The  ice  content  of  permanently  frozen  ground  is  typically 
high,  and  special  engineering  preparation  of  the  borrow  pits  or  engineering 
melioration  is  required. 

We  know  that  in  permafrost  regions  the  solar  radiation  reaching  the 
earth  during  the  spring  (April-May)  is  only  10-15%  less  than  the  summer 
maximum,  and  the  total  radiation  for  each  of  these  months  amounts  to  about 
13.5  kcal/cm2  [67],  Timely  removal  of  the  snow  cover  permits  full  utilization 
of  available  heat  for  heating  the  surface  layer  by  reducing  reflection  and 
saving  the  heat  that  would  have  been  used  to  melt  and  evaporate  the  snow 
cover. 
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Figure  6-19.  Digging  loam. 

Storage  of  earth  in  mounds  for  winter  placement  was  first  used  in 
building  the  Vilyuy  Hydroelectric  Power  Station  [4],  and  later  in  building 
the  Khantayka  Hydroelectric  Power  Station  [44].  Initially  the  mounds  were 
built  only  with  bulldozers.  At  that  time  the  mounds  were  relatively  low 
(up  to  6-7  m),  the  gradient  of  the^slopes  was  It3-li4,  and  their  specific 
surface  was  quite  large  (0.28  nr /nr).  During  the  winter  months  such  small 
mounds  were  subject  to  heavy  freezing  and  at  the  end  of  winter  no  more  than 
40-502  of  the  earth  remained  unfrozen  with  a maximum  temperature  of  no  more 
than  +4°C.  In  obtaining  earth  from  a mound  the  top  frozen  crust  had  to  be 
broken  with  explosives*  and  when  the  soil  was  mixed,  its  temperature  dropped 
still  further  as  it  was  being  handled,  so  that  soil  with  temperatures  no 
higher  than  +0.5°  to  +0.7°C  was  delivered  to  the  work  site,  and  this  was 
not  high  enough  at  all  for  fill  work  under  winter  conditions. 

Experiments  conducted  in  connection  with  the  construction  of  the 
Vilyuy  Hydroelectric  Power  Station  showed  that  temperature  drops  during 
the  digging,  transportation,  and  compaction  of  such  soil  amounted  to  6-10°C, 
depending  on  a whole  set  of  factors.  Therefore  in  order  to  assure  that  the 
soil  delivered  to  the  building  site  would  have  temperatures  of  +2°  to  +3°C, 
the  minimum  soil  temperature  in  the  mound  would  have  to  be  at  least  -*-12° 
to  +13°C.  This  is  practically  impossible  to  achieve  when  the  soil  is 
stored  in  small  mounds.  On  the  basis  of  results  obtained  with  the  winter 
placement  of  loam  in  the  seal  of  the  dam,  it  was  decided  to  build  winter 
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storage  mounds  16-18  m high  and  to  concentrate  up  to  25,000  m3  of  earth  in 
a single  large  mass. 

Earth  scooped  up  during  the  summer  with  bulldozers  as  it  thawed  was 
left  in  heaps  for  2-3  weeks.  During  this  time  its  temperature  rose  significant 
ly  and  the  moisture  content  dropped  accordingly.  Then  the  earth  was  loaded 
on  trucks  with  shovels  and  moved  from  the  drying  piles  to  the  winter  storage 
mounds. 


Based  on  the  experience  of  Vilyuygesstroy,  which  was  repeated  at  the 
Khantayka  construction  project,  it  is  recomnended  that  the  mounds  be  trape- 
zoidal in  shape,  30-40  m wide  at  the  top  and  16-18  m high,  with  natural 
slopes  of  111. 4 (see  Figure  6-20).  The  specific  surface  of  such  mounds  is 
significantly  less  than  that  of  small  mounds,  amounting  to  0.12-0.13  nr/m. 
Storage  of  soil  in  large  mounds  keeps  the  temperature  higher  and  eliminates 
soil  waste  when  it  is  dug  in  the  winter. 


3 

Figure  6-20.  Winter  soil  storage  mounds  with  a volume  of  250,000  m . 

The  mound  should  be  piled  up  in  one  direction  to  the  full  height  at 
one  time.  In  this  way  the  density  of  the  earth  in  the  mound  remains  low, 
not  exceeding  1. 7 g/cm3.  The  moisture  content  of  earth  stored  in  mounds 
equalizes,  so  chat  the  moisture  content  of  earth  placed  in  the  seal  shows 
little  variation,  averaging  8-102.  When  the  mound  is  piled  up  to  the  full 
height  at  one  time,  the  soil  is  also  well  mixed  and  its  particle-size 
composition  is  evened  out.  Material  was  segregated  as  the  mounds  were  built 
to  remove  boulders,  since  the  technical  specifications  do  not  permit  them 
in  the  seal. 

The  earth  is  usually  transported  from  the  borrow  pits  in  dump  trucks, 
and  very  rarely  in  tractor-drawn  wagons  and  earthmovers.  Even  though  the 
use  of  earthmovers  in  dam  construction  is  very  efficient  because  of  their 
versatility  (they  dig,  transport,  and  distribute  the  fill  over  the  work 
area)  as  compared  with  other  types  of  machinery,  there  has  been  very  little 
experience  with  their  use  in  constructing  dams  in  the  North.  The  reason  for 
this  lies  in  the  very  specific  climatic  and  ground  conditions  there  and  the 
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limited  length  of  the  warm  season  during  which  they  can  be  used.  When 
cohesive  earth  is  used  in  dam  construction  during  the  winter,  it  is  carried 
from  the  winter  storage  mounds  in  trucks  with  special  heating  arrangements 
to  reduce  heat  loss  in  route.  The  truck  bodies  have  double  walls,  and  the 
engine  exhaust  gases  pass  between  them.  The  top  of  the  soil  in  the  trucks 
is  covered  with  special  blankets. 

With  this  type  of  transportation,  as  special  studies  have  shown,  heat 
losses  en  route  at  air  temperatures  as  low  as  -40°C  and  over  a distance 
of  5.5  km  did  not  exceed  1.5-2.4°C  [4]. 

6-9.  WINTER  STORAGE  OF  EARTH  IN  MOUNDS 
a)  Techniques  of  Winter  Earth  Storage 

Building  large  mounds  for  the  winter  storage  of  soil  does  not  provide 
complete  protection  from  freezing.  Additional  steps  must  be  taken  to  keep 
the  depth  of  soil  freezing  at  the  surface  to  a minimum.  Several  protective 
methods  are  used  for  this  purpose: 

passive  methods,  which  consist  of  warming  the  mounds  with  insulating 
materials  (sawdust,  cinders,  moss,  foam-ice,  etc.); 

active  methods,  which  affect  the  overall  heat  balance  of  the  earth 
in  the  mound  and  include  heating  the  soil  in  temporary  enclosures  using 
steam,  electric  heaters,  or  electric  heating  with  superficial  or  deep 
electrodes;  and 

chemical  methods. 

The  passive  methods  of  protection  require  considerable  amounts  of 
insulating  material.  When  mounds  warmed  in  this  fashion  are  excavated, 
removal  of  the  thermal  insulation  is  a lot  of  trouble,  the  soil  is  contamina- 
ted, and  as  a result  there  is  considerable  waste.  The  construction  of 
enclosures  with  various  kinds  of  heating  systems  is  no  less  complicated. 
Sometimes  deep  excavations,  narrow  stream  conyons,  isolated  potholes,  and 
the  like  are  used  to  store  soil  for  winter  placement.  In  these  cases  portable 
enclosures  are  used  to  warm  the  working  base  when  the  soil  is  excavated. 

This  system  of  thermal  protection  permits  better  conservation  of  the  heat 
in  the  soil,  but  it  is  very  expensive  and  requires  a large  quantity  of 
scarce  construction  material. 

The  chemical  method  of  protection  also  has  its  positive  and  negative 
aspects. 

Based  on  the  experience  of  Vilyuygesstroy,  the  best  solution  involves 
a combination  of  the  passive,  active,  and  chemical  methods  of  protection, 
such  as  the  salt  treatment  of  the  peripheral  areas  of  a mound,  electric 
heating,  and  thermal  insulation  of  the  surface  of  the  mound  by  covering  it 
with  foam-ice. 


b)  Sale  Treatment  of  the  Peripheral  Zones  of  Mounds 


Earth  fill  for  the  peripheral  zones  of  mounds  was  prepared  in  the 
following  fashion  during  construction  of  the  Vilyuy  Hydroelectric  Power 
Station,  and  later  at  the  Khantayka  project.  Sodium  chloride  or  calcium 
chloride  was  spread  on  earth  to  be  treated  in  the  borrow  pit  uniformly  at 
a rate  of  20-30  kg/m2.  After  2-3  weeks  the  earth  was  pushed- into  piles, 
from  which  it  was  delivered  to  the  mounds  and  placed  on  the  slopes  in  a 
layer  2-2.5  m thick. 


The  surface  of  a mound  was  salt-treated  in  place.  This  was  ac- 
complished by  distributing  salt  uniformly  over  the  surface  and  wetting  it 
down.  Small  ridges  were  built  to  prevent  loss  of  the  brine.  To  promote 
more  uniform  salinization  and  increase  the  insulating  properties,  the  surface 
of  the  mound  was  dug  up  to  a depth  of  3 m with  a drag-line  after  the  fill 
work  was  finished.  Analysis  of  water  extracts  of  samples  taken  from  the 
surface  of  the  mound  showed  that  with  this  sort  of  treatment  the  salt  was 
spread  up  to  3 m deep  and  the  salt  content  ranged  from  11.7-34  kg  per  cubic 
meter  of  soil.  With  this  sort  of  .'/alt  treatment  the  peripheral  zones  of 
the  mound  did  not  freeze  as  deeply  and  the  electrical  conductivity  was 
increased  for  subsequent  use  of  ei.ectric  heating  techniques. 


c)  Covering  the  Mounds  with  Foam-Ice 


In  building  the  Vilyuy  dam,  loam  was  covered  with  a layer  of  foam-ice 
using  a technique  developed  by  the  VNIIG.  Artificially  produced  foam  was 
applied  to  the  surface  of  the  mound.  The  negative  temperatures  caused  it 
to  freeze  and  form  a protective  layer  which  resembled  natural  snow  in  its 
mechanical  and  thermal  properties.  Investigations  conducted  at  the  construe 
tion  site  showed  that  a layer  of  foam-ice  0.5  m thick  reduces  the  depth  of 
soil  freezing  by  1 m. 


The  ice  foam  was  produced  with  a relatively  inexpensive  foaming 
material  (PO-6)  and  simple  equipment  installed  in  a portable  enclosure. 

The  apparatus  works  as  follows  (see  Figure  6-21).  A 4%  mixture  of 
the  foaming  agent  with  water  is  pumped  into  an  air  mixer,  where  it  is 
vigorously  mixed.  The  foam  produced  is  delivered  through  a rubber  hose  to 
the  placement  site.  The  air  fed  to  the  mixer  is  first  heated  in  order  to 
improve  foam  formation,  to  increase  the  stability  and  number  of  fubbles  in 
the  foam,  and  to  prevent  the  formation  of  ice  in  the  hoses  at  very  low 
temperatures.1. 


The  foam  output  of  the  apparatus  with  tenfold  foam  expansion  is 
200  m-^/hr}  i.e.  it  can  cover  400  m2  of  mound  surface  with  a half-meter 
layer  of  foam-ice  in  one  hour.  We  do  not  feel  it  desirable  to  increase 


The  preliminary  heating  was  suggested  by  V.  S.  Filippov,  a Vilyuygesstroy 
engineer. 


j j the  output  further  because  if  it  is  placed  too  fast  the  lower  layers  of  foam 

| j do  not  solidify  and  they  might  collapse. 

The  effectiveness  of  the  use  of  ice  foam  depends  on  starting  at  the 
right  time.  Placement  of  ice-foam  must  begin  only  after  temperatures  have 
dropped  permanently  into  the  negative  range.  If  work  begins  too  early  while 
there  is  still  a possibility  that  temperatures  will  rise,  the  warmth  might 
cause  the  foam  to  collapse.  On  the  other  hand,  delay  means  significant 
heat  loss  from  the  surface  of  the  unprotected  soil  and  reduces  the  effective- 
ness of  the  ice-foam  application.  Application  of  the  ice-foam  should  begin 
on  the  north  side  of  the  mound.  This  reduces  the  bad  effect  of  any  possible 
i warm  periods  and  protects  the  northern  part  of  the  mound  from  heat  loss, 

where  losses  are  most  rapid. 


Figure  6-21.  Apparatus  for  producing  ice  foam. 

1 - Pump;  2 - Manometer;  3 - Air  heater;  U - Thermometer; 

5 - Air  mixer;  6 - Transformer;  7 - Switch  panel. 

Key:  x - From  tank  truck;  y - From  compressor;  2 - Foam. 

Freshly  placed  foam  has  a very  low  coefficient  of  thermal  conductivity, 
and  for  this  reason  a thick  layer  of  foam  does  not  harden  for  a long  time 
even  when  temperatures  are  quite  low.  Therefore  the  foam  should  be  applied 
in  layers  no  more  than  10  cm  thick  and  new  layers  should  be  added  only  after 
the  earlier  layer  has  hardened. 

d)  Electric  Heating  of  Peripheral  Zones  of  the  Mounds 


As  Figure  6-22  shows,  even  when  treated  with  salt  at  the  surface  the 
earth  freezes  to  a depth  of  2 m or  more  and  frozen  ground  also  reappears 
along  the  base  of  the  mound. 
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Figure  6-22.  Temperature  conditions  in  a winter  storage  mound  of 

loam. 

Key:  t - Hole  No.  1;  u - Diagram  of  mound;  v - Hole  No.  1; 

w - Hole  No.  2;  x - Hole  No.  2;  y - November  24,  1964;  z - February 

27,  1965. 

Electric  heating  improves  the  thermal  regime  of  the  mound  a a whole, 
reduces  its  content  of  frozen  lumps,  and  makes  excavation  of  the  mounds 
easier. 

At  the  Vilyuy  Hydroelectric  Power  Station  36x6  kV  substations  rated 
at  3150  kVA  with  voltages  of  380,  1000  and  6000  V were  used  for  electric 
heating  of  mounds.  The  electrical  heating  procedure  was  as  follows.  In 
the  fall  electrodes  made  of  rebar  stock  19  mm  in  diameter  were  inserted 
into  the  surface  layer  of  the  mound  to  a depth  of  0.5-1  m (see  Figure  6-23). 

By  the  middle  of  winter,  i.  e.  when  it  was  time  to  excavate  the  mound,  the 
ground  had  frozen  at  the  surface  to  a depth  of  about  2.5  m.  Before  ex- 
cavating the  mound  voltage  was  applied  to  the  electrodes.  As  heating 
began  the  current  reached  a level  of  250  A or  more,  and  then  gradually  dropped 
to  50  A.  After  the  voltage  was  removed,  the  electrodes  were  driven  in  again 
to  a depth  of  40-50  cm  and  voltage  was  applied  again.  After  the  second 
insertion  of  the  electrodes  the  current  dropped  smoothly  below  50  A.  The 
loam  in  the  upper  part  of  the  mound  thawed  throughout,  reaching  temperatures 
of  +8°  to  +12°C. 

It  was  noted  that  after  the  current  had  dropped  below  50  A further 
application  of  voltage  to  the  area  being  heated  was  not  effective  because 
the  heating  process  stopped.  Formation  of  a layer  of  air  1-4  cm  wide  around 
the  electrodes  when  they  were  driven  into  the  mound  and  while  the  loam  was 
thawing  was  unavoidable,  and  this  reduced  the  heating  effectiveness.  The 
heating  effectiveness  was  also  reduced  by  a layer  of  baked  loam  5-15  cm 
that  formed  where  the  electrode  came  in  contact  with  the  soil. 

Excess  amounts  of  salt  represent  a significant  hazard  in  the  electric 
heating  of  mounds,  particularly  local  accumulations  of  salt  in  the  soil. 

At  the  same  time  unsalted  loams  are  difficult  to  thaw;  they  require  greater 
expenditures  of  labor,  more  closely  spaced  electrodes,  etc. 
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Figure  6-23.  Preparation  of  a mound  for  electric  heating. 

Figure  6-24  shows  a diagram  of  the  arrangement  of  electrodes  in  salt- 
treated  and  untreated  areas.  When  a voltage  of  1000  V was  used  to  treat 
unsalted  loam,  the  electrode  spacing  was  0.7x0. 5 m,  and  the  volume  of  soil 
thaped  at  one  time  with  this  arrangement  was  800-1000  nr.  Thawing  of  salinized 
loam  was  more  efficient:  16-20  electrodes  were  inserted  in  a row,  i.e. 
half  as  many  as  in  the  earlier  case,  and  the  electrode  spacing  was  1-1.2  m. 

The  volume  of  loam  thawed  during  the  same  period  of  time  (26-30  hr)  was 
1400-1700  m3. 

The  temperature  of  the  thawing  loam  rises  above  zero  18-24  hours 
after  heating  starts.  The  process  of  thawing  rises  slowly  in  the  temperature 
range  from  -6°  to  -2.5°C,  and  then  the  rate  of  heating  increases  and  the 
current  drops. 

The  mound  is  excavated  after  it  has  been  thawed.  When  the  electrodes 
are  removed  from  one  area,  a second  area  is  heated,  and  work  proceeds  in 
a third  area  to  place  the  electrodes  and  prepare  it  for  heating. 

Thawing  of  1 nr  of  soil  and  raising  its  temperature  to  +8°C  takes 
about  40  kWh  of  electricity.  But  because  of  interruptions  in  the  placement 
of  the  loam  at  temperatures  below  -S0°C,  when  placement  was  halted  it  was 
necessary  to  maintain  a voltage  on  areas  already  heated.  This  increased 
the  electricity  consumption  per  cubic  meter  by  5-10%,  depending  on  the 
length  of  the  interruptions. 
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Heating  soil  at  a voltage  of  380  V is  less  efficient  than  at  1000  V, 
since  it  requires  the  installation  of  a large  number  of  transformers  rated 


at  560  kVA.  Almost  twice  as  many  rods  have  to  be  used,  a large  amount  of 
flexible  cable  is  needed,  etc.  The  electric  energy  used  for  heating  at 
380  V is  the  same  as  at  1000  V,  i.e.  40  kWh  per  cubic  meter,  but  the  time 
needed  to  heat  the  loam  to  a temperature  of  +8°C  is  80-100  hr.  In  our  opinion, 
therefore,  it  is  most  economical  to  heat  the  soil  with  a voltage  of  1000  V. 


During  construction  of  the  Vilyuy  dam  experiments  were  also  conducted 
on  heating  loam  at  a voltage  of  6000  V.  It  was  found  that  when  this  voltage 
is  used  the  air  temperature  should  be  always  negative  and  there  should  be 
no  accumulations  of  salt  in  the  soil  being  heated.  The  presence  of  salts 
or  positive  temperatures  even  when  solar  radiation  heats  a layer  of  loam 
1 m thick  causes  short  circuiting.  In  addition,  use  of  6000  V causes  the 
current  to  spread  some  distance  around  the  area  being  heated,  making  it 
impossible  to  work  close  by  and  to  prepare  adjacent  areas.  In  spite  of  the 
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attractiveness  of  using  6000  V,  it  turns  out  to  be  less  effective  than  1000  V 
and  was  not  adopted  in  practice. 

About  70,000  m of  earth  was  thawed  electrically  during  the  building 
of  the  Vilyuy  Hydroelectric  Power  Station.  Of  this  amount  about  5%  was 
heated  at  6000  V,  15%  at  380  V,  and  about  80%  at  a voltage  of  1000  V. 

6-10.  BUILDING  BOCK  FILL  DAMS 

The  basic  method  of  building  roctc  fill  dams  is  the  placement  of 
rock  in  layers  with  or  without  subsequent  rolling.  The  foundation  of  rock 
fill  dams  may  be  either  solid  rock  or  loose  gravel  and  stone,  gravel  and 
sand,  or  sandy  materials. 

When  dams  are  built  on  foundations  other  than  solid  rock,  the 
foundation  materials  are  protected  against  seepage  and  undercutting  by 
appropriate  antiseepage  techniques  and  appropriate  design  of  the  subgrade 
contour.  Rock  fill  dams  are  built  with  antiseepage  elements  in  the  form  of 
seals  and  a core  or  cutoff  wall.  The  advantage  of  rock  fill  dams  with 
blanket  seals  is  that  placement  of  the  supporting  prism  and  the  antiseepage 
element  can  be  carried  out  independently.  When  a dam  is  built  with  a core, 
these  processes  are  mutually  related,  and  this  is  less  convenient  as  far 
as  scheduling  is  concerned. 

The  method  of  joining  the  antiseepage  elements  of  a dam  to  the 
foundation  depends  on  the  engineering  geology  situation.  When  the  rock  is 
covered  by  a shallow  alluvial  layer,  the  latter  is  usually  penetrated  by  a 
concrete  or  other  tooth  into  solid  rock.  The  dam  may  include  sheeting, 
grouted  or  other  curtains,  and  aprons  may  be  built  when  there  are  blanket 
seals  of  loam,  and  in  mixed  dams. 

Sharp  changes  in  profile  should  not  be  permitted  where  the  dam 
abuts  the  valley  slopes,  since  this  may  lead  to  local  deformations  of  the 
dam  which  will  necessarily  cause  the  blanket  and  core  to  fail. 

For  best  compaction  it  is  usually  recommended  that  the  body  of  a 
dam  be  filled  in  lifts  of  3-5  m.  Filling  the  body  of  a dam  in  thin  layers 
involves  the  building  of  a large  number  of  access  roads,  and  this  increases 
the  total  cost.  There  are  a number  of  advantages  to  filling  in  large 
lifts,  since  this  tends  to  speed  up  and  reduce  the  cost  of  construction 
and  provide  better  compaction  of  the  fill. 

The  supporting  prism  of  the  Vilyuy  rock  fill  dam  was  filled  in  lifts 
of  10,  15,  and  25  m depending  on  operating  convenience  and  the  need  to 
build  access  routes  to  the  fill  site  along  the  steep  slopes  of  the  river 
valley.  Within  the  construction  excavation  the  rock  was  filled  in  layers 
3.5  m thick.  This  was  necessary  because  the  dam  in  this  area  was  to  be 
built  to  a height  of  50  m during  the  six  winter  months  and  water  pressure 
would  be  applied  when  the  reservoir  was  filled  by  the  spring  flood. 
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Usually  when  the  fill  is  in  large  lifts,  the  rock  fill  is  compacted 
by  the  passage  of  conveying  equipment  over  the  fill  work  area.  The  use 
of  ordinary  rollers  is  practically  impossible  when  filling  in  lifts  of  10- 
25  m.  The  use  of  extra  heavy  rollers  to  compact  rock  fill  has  hardly  any 
detectable  effect  in  comparison  with  the  difficulties  and  complications 
this  produces  in  planning  the  work. 

Monitors  are  very  often  used  abroad  to  compact  rock  fill.  A jet 
of  water  delivering  3-4  nr  per  cubic  meter  of  water  at  a pressure  of  10- 
15  kg/cm^  is  directed  against  rock  dumped  on  the  slopes.  This  treatment 
of  the  rock  fill  promotes  better  sorting  of  the  material,  denser  packing, 
and  flushing  out  of  silt  and  clay  particles.  But  as  experience  has  shown 
[15],  monitors  can  be  used  to  compact  rock  fill  in  the  Far  North  only  during 
the  short  summer  season. 

Different  authors  limit  the  quantity  of  rock  fines  in  the  fill  to 
5%  (Ye.  A.  Zamarin  and  V.  V.  Fandeyev)  or  from  3-5%  to  7%  (M.  M.  Grishin). 

But  there  are  no  definitions  as  to  what  should  be  considered  as  rock  fines, 
what  particle  sizes  should  be  limited.  As  far  as  coarser  material  is  con- 
cerned, recommendations  are  even  more  inconsistent.  Grishin  defines  his 
specifications  for  rock  in  such  fashion  that  the  ratio  of  the  largest  size 
to  the  smallest  should  not  be  larger  than  3-3.5,  but  the  minimum  weight  of 
individual  fragments  should  be  no  less  than  80  kg,  while  in  high  dams  the 
content  of  such  rock  should  not  be  more  than  20-30%,  and  the  remainder  should 
be  larger. 

Practice  has  shown  that  such  fill  is  possible  with  very  careful 
classification  of  fragmented  rock  in  the  quarry  and  the  building  of  grading 
facilities,  which  is  a very  tedious  operation.  We  recommend  that  the  fill 
consist  of  rock  whose  size  distribution  results  from  explosions  where  the 
pattern  of  holes  and  placement  of  charges  are  controlled  on  the  basis  of 
experiment.  But  wide  latitude  in  choosing  these  parameters  is  available  only 
when  the  rock  is  obtained  from  quarries.  When  rock  is  obtained  for  the  dam 
from  excavations  for  other  purposes,  the  nature  of  the  explosions  is  limited 
by  the  need  to  preserve  the  contours  of  such  excavations  and  protect  the 
integrity  of  the  rock  in  which  the  structures  are  built. 


Experience  in  building  the  Vilyuy  Hydroelectric  Power  Station  has 
shown  that  a rock  fill  supporting  prism  for  a dam  can  be  built  of  rock 
(obtained  with  explosives  from  quarries  or  excavations  for  other  purposes), 
if  the  physical  and  mechanical  properties  of  such  rock  (strength  and  frost 
resistance)  are  suitable  for  placement  in  a dam.  At  the  same  time  the 
specifications  for  rock  quality  in  different  zones  should  be  different 
(see  Figure  6-25).  Thus  rock  without  additional  requirements  as  to  frost 
resistance  can  be  placed  in  zone  I.  The  body  of  the  dam  in  zone  III  is 
subject  during  use  to  the  action  of  variable  temperature  and  moisture  con- 
ditions, and  therefore  the  rock  used  in  this  zone  should  have  maximum  frost 
resistance.  In  the  case  of  the  Vilyuy  dam,  the  rock  placed  in  this  zone 
according  to  the  specifications  had  a compressive  strength  under  live  load 
of  at  least  600  kg/cnr  after  150  freezing  cycles.  The  content  of  fines 
(particles  smaller  than  100  nm)  was  allowed  to  be  15%  or  less,  while  the  con- 
tent of  clay,  loam,  and  soil  could  be  no  more  than  5%. 
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Figure  6-25.  Bock  placement  zones. 

1 - Blanket  seal;  2 - Filters;  I,  II,  III  - Fill  zones. 
Key:  x-LWE;  y - NHL;  z - LPE 


The  specifications  for  zoned  fill  of  rock  in  the  body  of  a dam  muat 
be  carefully  observed  as  far  as  rock  size  is  concerned:  the  larger  rock 
should  be  placed  in  the  downstream  wedge  of  the  supporting  prism  and  smaller 
rock  in  the  upstream  zone  and  the  zone  below  the  blanket  seal.  This  zonal 
distribution  is  achieved  visually  by  technically  qualified  personnel 
supervising  the  work.  In  the  case  of  the  Vilyuy  dam  the  top  fill  of  the 
downstream  slope  consisted  of  about  70Z  rock  measuring  80  cm  or  larger. 

6 - 11.  QUALITY  CONTROL  OF  EARTH  PLACEMENT 

In  building  water-impounding  structures  of  natural  materials, 
and  especially  in  building  their  antiseepage  elements,  the  basic  structural 
materials  are  usually  loams  or  loamy  sand  materials.  The  reliability  of 
structures  built  of  such  materials  depends  on  the  quality  of  their  placement 
and  above  all  on  the  quality  of  their  compaction. 

Successful  construction  depends  not  only  on  proper  planning  of 
construction  operations  but  also  on  careful  quality  control  of  the  work 
being  done.  The  basic  criterion  governing  the  quality  of  compaction  of 
earth  being  placed  in  the  body  of  a dam  is  its  density. 

There  are  a number  of  methods  for  monitoring  the  compaction  of  earth 
in  the  body  of  an  embankment,  including  the  cutting  ring  method,  the  "voids" 
method,  the  radioisotope  method,  and  other  methods,  each  of  which  has  its 
advantages  and  disadvantages. 

The  cutting  ring  method  has  come  into  wide  use  in  building  earth  fill 
dams  which  are  compacted  in  layers.  In  spite  of  its  simplicity  and  ease 
of  execution,  it  has  significant  disadvantages,  since  density  data  are 
obtained  under  laboratory  conditions  a long  time  after  the  sample  is  taken, 
and  as  a consequence  operational  control  of  density  at  the  work  site  is 
reduced.  In  addition,  the  cutting  ring  method  requires  that  pits  be  dug  in 
the  working  area.  This  hinders  the  movement  of  machinery  and  makes  it 
necessary  to  fill  them  later. 


The  well-known  and  widely  used  "voids" 
the  bulk  density  of  the  soil  skeleton  [4]. 


method  is  adequate  for  determining 
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When  the  bulk  density  of  the  earth  does  not  meet  technical  specifica 
tions  it  is  necessary  to  compact  again  and  in  some  cases  even  to  remove 
soil  which  has  been  placed  and  do  the  job  again.  Use  of  this  method  leads 
to  significant  delays  and  interruptions. 

The  method  of  determining  bulk  density  with  radioisotope  density 
meters  was  used  with  good  effect  in  building  the  dam  for  the  Vilyuy  Hydro- 
electric Power  Station.  This  method  made  it  possible  to  obtain  needed 
data  on  the  density  of  a layer  even  before  it  was  placed.  Frequency  curves 
for  the  density  and  moisture  content  of  earth  placed  on  the  blanket  seal 
of  the  Vilyuy  dam  are  presented  in  Figures  6-26  and' 6-27. 


Figure  6-26.  Frequency  curves  for  the  bulk  density  of  the  fine 
earth  skeleton  of  material  placed  in  the  blanket  seal  of  the 
Vilyuy  dam  at  different  times  during  1965. 

1 - From  March  4 to  March  26;  2 - From  March  22  to  March  31; 

3 - From  April  1 to  April  15;  4 - From  April  16  to  April  30; 

5 - From  May  to  May  20.  2 

Keys  x - Frequency,  y - ^r;  z - g/cm  . 

6-12.  TECHNIQUES  USED  IN  BUILDING  FROZEN  DAMS  WITH  CUTOFF  WALLS 

We  shall  describe  the  construction  of  frozen  dams  with  cutoff  walls 
using  the  example  of  two  dams  built  of  frozen  ground  on  a tributary  of  the 
Irelyakh  River  in  the  winter  of  1961-1962  when  air  temperatures  dropped  to 
-40°  to  - 50°C. 

The  dams  were  designed  as  homogeneous  earth  dams  and  their  construc- 
tion under  other  conditions  of  engineering  geology  and  climate  should  not 
have  been  difficult.  But  since  the  construction  site  was  swampy  and  in- 
accessible for  machinery  during  the  summer,  work  could  be  undertaken  only 
in  the  winter  after  the  bogs  had  frozen. 
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Figure  6-27.  Frequency  curves  showing  the  moisture  content  of 
earth  placed  in  the  blanket  seal  of  the  Vilyuy  dam  at  different 
times. 

1 - From  March  4-March  21;  2 - From  March  2 2 -March  31;  3 - From 
April  1-April  30;  4 - From  April  16-April  30;  5 - From  May  1- 
May  20. 

Key;  x - Frequency,  %. 

The  foundation  of  the  dams  contained  topsoil,  peat,  and  loam  with 
plant  residues  from  the  surface  to  depths  of  0.8-1. 3 m.  Below  this  there 
was  a layer  1.0-1. 2 m thick  of  ice-saturated  loam  containing  from  20-55Z 
fragments  and  flags  of  bedrock.  The  earth  contained  up  to  25Z  ice  in  the 
form  of  crystals  and  ice  veins  1-5  mm  thick. 

s 

* jri_ 

The  loam  materials  making  up  the  bed  of  the  stream  valley  were  in  a 
water-saturated  state,  and  the  internal  drainage  of  the  earth  was  so  low 
that  the  seaonsally  thawed  layer  (1.0-1.4  m thick)  was  a fluid  mass  during 
the  summer. 

The  foundation  was  prepared  and  the  tooth  trench  dug  at  the  beginning 
of  winter.  The  frozen  ground  was  broken  up  by  drilling  holes  and  placing 
explosives  in  them.  This  method  was  effective  only  after  the  seasonally 
Chawed  layer  had  frozen  down  to  the  level  of  the  permafrost.  Detonating 
explosives  at  the  beginning  of  winter  in  ground  that  was  still  unfrozen 
resulted  in  the  formation  of  camouflets.  Depending  on  the  depth  of  freezing, 
the  frozen  crust  here  was  broken  up  into  large  pieces  which  did  not  separate 
or  (when  large  camouflets  were  formed)  the  gases  simply  escaped  to  the  out- 
side from  the  holes,  enlarging  the  openings  somewhat  without  breaking  up 
the  frozen  crust  at  all. 

The  plan  called  for  the  placement  of  11,500  nr*  of  loam  in  the  upper 
dam  and  3100  nr  in  the  lower  dam.  Thawing  these  amounts  of  loam  and  placing 
them  in  the  body  of  the  dams  in  the  unfrozen  state  at  air  temperatures  of 
-40°  to  -50^0  was  an  extremely  difficult  task. 
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At  the  same  time  a set  of  diversionary  structures  had  to  be  built 
before  the  spring  flood  in  order  to  protect  the  mining  structures  from 
flooding  by  the  high  water,  since  mining  at  that  time  was  being  done  at 
levels  considerably  lower  than  the  level  of  the  stream  bed. 


We  proposed,  developed,  and  implemented  a method  of  building  the 
dams  out  of  frozen  loams  with  a wood  cutoff  wall  (see  Figure  5-32). 


Frozen  loam  was  delivered  to  a preparation  area,  spread  out,  and 
broken  up  into  pieces  measuring  25-30  cm  or  less  by  multiple  .passes  of  a 
DET-250  caterpillar  tractor.  Then  the  broken  loam  was  moved  from  the  pre- 
paration area  to  the  body  of  the  dam,  where  it  was  spread  in  layers  30-40  cm 
thick  over  the  work  area  and  compacted  with  MAZ-205  dump  trucks.  A frozen 
loam  density  of  1.23-1.35  tons/nr  in  the  body  of  the  dam  was  produced  in 
this  fashion. 


The  cutoff  wall  was  made  of  wood  panels  mounted  on  piles.  Logs 
were  installed  in  holes  bored  2.0  m apart  along  the  bottom  of  the  tooth 
trench  to  support  this  cutoff  along  the  axis  of  the  dam.  Double-laye'red 
panels  (made  of  40  and  25  nun  boards)  covered  with  two  layers  of  tar  paper 
were  made  up  ahead  of  time  in  a warm  room  and  the  cutoff  wall  was  assembled 
from  these  panels  by  attaching  them  vertically  in  2-3  rows.  The  panels 
were  mounted  with  an  overlap  of  15  cm. 


In  order  to  assure  a good  seal  between  the  cutoff  wall  and  the 
foundation,  after  the  first  row  of  panels  was  installed,  the  bottom  of  the 
tooth  was  filled  with  unfrozen  loam  to  a depth  of  0.5  m and  carefully 
compacted  with  manual  tampers. 


The  frozen  loam  was  thawed  after  placement  with  area  heaters 


6-13.  INSTALLATION  OF  THE  FREEZING  SYSTEM 


Installation  of  the  freezing  system  in  dams  with  an  ice-earth  anti- 
seepage curtain  consists  of  the  following  operations*  boring  holes  and 
installation  of  freezing  columns  and  air-distribution  headers,  fans,  and 
the  electricity  supply  system.  The  most  laborious  operations  are  the 
boring  of  the  holes  and  the  installation  of  the  freezing  columns  in  them. 
The  holes  may  be  bored  and  the  freezing  columns  installed  either  from  the 
crest  of  the  dam  after  it  has  been  built  to  the  design  elevation  or  before 
the  dam  is  started.  Both  methods  have  their  advantages  and  disadvantages. 


In  the  first  case  the  holes  are  usually  dug  with  rope-impact  equipment, 
such  as  the  BU-20-2.  The  boring  is  done  soon  after  the  fill  has  reached  the 
design  level  in  particular  areas  of  the  dam.  At  the  same  time  most  of  the 
boring  work  has  to  be  done  while  air  temperatures  are  negative  using  warm 
water.  This  means  that  some  additional  amount  of  heat  is  necessarily  added 
to  the  body  of  the  dam,  and  this,  of  course,  is  undersirable  in  building 
frozen  dams. 


When  a hole  has  been  dug  Co  che  proper  depth  the  exterior  pipe  of 
the  freezing  column  is  installed  in  it  with  a cap  on  the  lower  end.  Then 
the  space  around  the  pipe  is  backfilled  with  a slurry  or  specially  prepared 
solution.  This  space  should  be  filled  carefully  to  eliminate  all  pockets 
of  air. 


The  design  depth  of  the  holes  should  in  every  case  be  adjusted  as 
the  work  is  done  in  the  light  of  the  actual  frozen  ground  conditions. 

These  conditions  often  change  as  work  progresses  and  the  zero  isotherm  in 
the  foundation  may  be  significantly  below  the  depth  envisioned  in  the  plan. 
Hence,  in  digging  the  holes  for  the  frozen  curtain  of  a dam  on  the  Irelyakh 
River  it  was  found  that  the  actual  size  of  the  unfrozen  zone  beneath  the 
river  bed  was  significantly  larger  than  indicated  by  survey  data.  The 
enlargement  of  the  unfrozen  zone  might  have  been  the  result  of  a change  in 
seepage  conditions  in  the  unfrozen  zone  below  the  river  bed  during  the 
construction  period.  The  presence  of  seepage  flow  during  the  creation  of 
frozen  curtains,  of  course,  creates  serious  problems  for  freezing  the 
earth  during  the  period  prior  to  contact  between  the  individual  ice-earth 
cylinders,  as  was  observed,  for  example, *in  building  the  antiseepage  frozen 
curtain  in  an  excavation  for  the  principal  structures  of  the  Gorkiy  Hydro- 
electric Power  Station  [94].  The  builders  of  the  dam  on  the  Irelyakh 
River  had  to  take  this  experience  into  account.  Therefore  additional  holes 
were  bored  on  the  downstream  slope  and  an  additional  freezing  system 
consisting  of  22  columns  was  installed.  Since  these  relatively  shallow 
holes  ran  mainly  in  the  bedrock,  the  boring  went  very  fast  and  this  auxiliary 
system  was  placed  in  operation  in  a relatively  short  time. 


The  air  distribution  headers  of  freezing  systems  usually  are  designed 
with  a single  pipe,  but  in  the  case  of  the  dam  on  the  Oyuur-Yureye  River 
they  embodied  a two-pipe  design  (see  Figure  6-28)  on  the  assumption  that 
such  a design  assures  more  even  distribution  of  the  coolant.  In  addition 
such  a system  is  easier  to  protect  in  the  summer. 


But,  as  operating  experience  showed,  the  two-pipe  system  of  air- 
distribution  headers  has  a number  of  significant  disadvantages  [22].  It 
often  becomes  necessary  during  operation  to  remove  the  inside  pipe  of  a 
freezing  column  for  repair.  In  the  two-pipe  header  system  this  is  im- 
possible without  shutting  down  all  the  freezing  columns.  It  is  also  more 
difficult  to  clear  the  space  between  the  pipes  when  ice  forms  from  condensa- 
tion on  the  surface  of  the  pipes.  In  addition,  with  the  two-pipe  system  it 
is  more  difficult  to  monitor  the  operation  of  each  individual  freezing  column 
With  the  single-pipe  system,  however,  it  is  possible  to  monitor  the  operation 
of  each  of  the  columns  visually,  and  there  is  a signal  flag  on  each  column 
for  this  purpose. 


Another  advantage  of  the  single-pipe  system  of  headers  is  that  this 
system  makes  it  possible  to  monitor  the  progress  of  core  freezing.  If  for 
some  reason  it  is  not  possible  to  obtain  direct  information  of  the  progress 
of  freezing,  an  indirect  method  can  be  used.  In  the  latter  case  observations 
are  made  on  the  amount  of  cold  introduced  into  the  core  by  measuring  the 
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amount  of  air  forced  into  each  column  and  the  air  temperature  as  it  enters 
and  leaves.  This  indirect  method  of  observation  on  the  progress  of  heat 
extraction  from  the  core  of  the  dam  gives  a basic  idea  of  changes  in 
temperature  conditions  within  the  body  of  the  dam  based  on  the  heat  balance, 
taking  into  account  the  moisture  content  of  the  earth. 


Figure  6-28.  Freezing  column  of  the  dam  on  the  Oyuur-Yurege  River 
with  a two-pipe  air-distribution  header  system. 

1 - Outside  pipe?  2 - Inside  pipe;  3 - Pressurized  header; 

4 - Exhaust  header;  5 - Seal;  6 - Spacers;  7 - Openings; 

8 - Cap. 


In  the  one-pipe  system  the  air-distribution  header  is  a box  channel 
made  of  light  sheet  metal,  which  is  mounted  on  brackets  attached  to  the 
pipes  of  the  freezing  columns.  In  the  two-pipe  system  welded  pipes  usually 
325  ran  in  diameter  are  mounted  on  blocks. 


We  suggested  a different  method  for  installing  the  cooling  columns. 

In  this  method  the  outside  pipes  of  the  columns  are  installed  before  the  dam 
is  built,  by  boring  holes  either  before  or  after  the  foundation  is  prepared 
(see  Figure  6-29).  It  is  also  possible  to  bore  from  the  bottom  of  the 
tooth  trench  before  the  core  is  built  (see  Figure  6-30). 


When  holes  are  bored  from  the  crest  of  a dam  to  depth  H after  the 
dam  has  been  raised  to  the  design  elevation  according  to  the  existing  metho 
the  spacing  of  the  holes  becomes  irregular  at  the  bottom  because  of  unavoid 
deflection  of  the  holes  at  deep  levels.  This  interferes  with  smooth  merging 
of  the  individual  ice-earth  cylinders  developing  around  each  freezing 
column  into  a single  frozen  curtain.  "Windows"  of  unfrozen  ground  may 
therefore  remain  in  the  frozen  curtain.  Using  the  method  suggested,  the 


Figure  6-30.  Installing  freezing  column  before  building  the 
tooth  of  the  core. 
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Installing  the  freezing  columns  by  this  method  has  the  following 
advantages:  the  amount  of  boring  work  done  is  reduced  80-90 Z;  there  is  no 
need  to  use  drive  pipes  nor  go  to  the  trouble  of  removing  them  later;  the 
effort  of  backfilling  the  space  around  the  pipe  is  eliminated;  the  quality 
of  installation  of  the  freezing  columns  is  improved  and  the  freezing  system 
is  placed  in  operation  faster,  since  it  can  be  started  up  immediately 
after  the  dam  has  been  filled  to  the  designed  elevation;  that  is  to  say 
creation  of  the  frozen  antiseepage  curtain  in  the  body  of  the  dam  can  begin 
immediately. 

When  this  method  of  installing  the  freezing  system  is  used,  however, 
compaction  of  the  earth  around  the  columns  and  between  them  is  made  more 
difficult. 

There  is  usually  no  problem  with  installing  the  fans  and  the  electrical 
supply  system.  When  snowfall  is  not  excessive  and  blowing  snow  does  not 
continue  for  long  periods  during  the  winter,  the  fans  are  mounted  in  the 
open  air. 

6-14.  DISPOSAL  OF  WATER  DURING  CONSTRUCTION  OF  DAMS 


During  the  construction  of  earth  dams  water  may  be  carried  away 
in  one  of  the  usual  methods:  along  the  river  bed  through  a cut  confined 
by  parts  of  the  dam  near  the  bank  (the  Vilyuy  Hydroelectric  Power  Station, 
the  dams  on  the  Irelyakh,  the  Oyuur-Yurege,  Sytykan,  and  other  rivers), 
through  a drainage  channel  or  tunnel  (Vilyuy,  Serebryanskaya,  and  Khantayka 
Hydroelectric  Power  Stations,  the  dams  on  the  N'yukka  Creek,  etc.),  and 
through  gutters  and  pipes  (the  dams  on  the  Irelyakh  and  Pavek  Rivers, 

N'yukka  Creek,  etc.).  At  the  same  time,  depending  on  the  stage  of  construc- 
tion, water  may  be  disposed  of  in  several  ways  as  the  same  element  is  being 

built,  for  example,  through  a cut  in  the  first  stage,  through  a channel  or 

pipe  in  the  second  stage,  etc. 

The  use  of  any  particular  method  of  diversion  depends  on  the  size  of 
the  flow,  the  hydrological  regime  of  the  river,  the  geology  and  topography 
of  the  construction  site,  and  the  general  plan  and  timing  of  the  construction. 
At  the  same  time  the  organization  of  the  work  and  the  method  of  construction 

are  often  determined  on  the  basis  of  the  hydrological  regime  of  the  river 

and  the  plan  adopted  for  disposing  of  water  during  construction.  Therefore 
all  factors  must  be  carefully  taken  into  consideration  in  determining  the 
method  of  unwatering. 

As  has  already  been  mentioned,  the  hydrological  regime  of  rivers  in 
the  permafrost  zone  is  unusual:  up  to  85-90%  of  the  annual  flow  occurs  during 
the  spring  flood;  discharge  is  typically  low  during  the  summer  and  fall,  and 
is  minimum  in  the  winter. 

Under  particular  geological,  hydrological,  and  frozen-ground  conditions 
unfrozen  dams  can  be  built  without  previous  unwatering  of  the  trench  by 
filling  directly  into  flowing  water  or  by  using  hydraulic  fill  methods. 
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But  the  basic  method  of  building  dams  in  permafrost  areas  is  still  that  of 
building  them  in  the  dry.  In  this  case  construction  of  at  least  the  channel 
portion  of  the  dam  is  done  on  a dry  unwatered  foundation  area,  by  protecting 
the  foundation  site  or  accumulating  the  water  in  the  upper  pool. 

Under  ordinary  conditions  the  method  of  accumulating  the  water  in  the 
upper  pool  has  not  been  commonly  used,  but  in  the  Far  North,  with  the 
characteristic  hydrological  regime  of  the  rivers  there,  this  method  is 
more  widely  used  (at  the  Vilyuy  Hydroelectric  Power  Station  after  filling 
of  the  construction  trench,  at  the  dam  on  the  Sytykan  River,  and  on  the  dam 
on  N*yukka  Creek). 

Among  the  favorable  factors  for  using  this  method  we  might  mention 
low  river  discharge,  the  topographic  conditions  of  the  future  reservoir,  the 
presence  of  natural  depressions  in  which  the  river  flow  can  accumulate  during 
construction  of  the  dam  at  low  elevations  in  the  channel  area,  and  the  need 
for  a relatively  small  amount  of  work  to  raise  the  dam  within  the  channel 
cut  zone,  work  which  can  be  completed  in  a short  time.  The  work  should  be 
planned  in  such  a way  that  the  dam  rises  ahead  of  the  water  level  in  the 
reservoir. 

In  all  cases  it  appears  necessary  to  take  into  account  flood  dis- 
charges. Only  a correct  approach  to  the  problem  of  diversion  can  assure  normal 
construction  conditions. 

For  planning  purposes  the  discharge  during  the  construction  period 
is  assumed  to  be  the  maximum  spring  flood  discharge  as  well  as  the  rest  of 
the  summer  flood,  which  may  be  quite  high  when  the  so-called  "black  water" 
coincides  with  the  summer  rain  flood.  The  design  discharge  is  assumed  to 
occur  with  a frequency  of  5-20%,  depending  on  the  capital  class  of  the 
structure.  The  steps  taken  to  dispose  of  discharge  levels  occurring  with 
a frequency  of  less  than  5%  involves  greater  investment,  while  the  assumption 
of  calculated  discharge  levels  with  greater  than  10%  frequency  involves 
definite  risk  with  respect  to  disposing  of  the  discharge  without  damage. 

In  building  unfrozen  dams,  particularly  when  building  them  on  a 
rock  foundation,  unwatering  by  diverting  the  river  through  a bypass  channel 
or  tunnel  is  most  convenient  from  the  viewpoint  of  construction  operations. 

In  this  case,  since  the  foundation  site  is  accessible  everywhere,  construction 
work  can  continue  simultaneously  over  the  entire  front,  and  this  greatly 
simplifies  the  construction  effort. 

This  method  is  not  always  feasible  in  building  on  permafrost  which 
is  not  rock,  especially  when  the  dam  is  built  so  as  to  keep  the  foundation 
material  in  the  frozen  state.  The  reason  for  this  is  that  when  the  water 
is  passed  through  a bypass  channel  or  tunnel,  thawing  of  the  foundation  is 
unavoidable,  with  all  the  consequences  that  flow  therefrom. 

When  topographic  conditions  of  the  dam  valley  permit,  diversion  is 
usually  accomplished  through  the  use  of  a channel-cut  confined  at  the  bank 
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by  dam  fill  (Irelyakh,  Oyuur-Yurege,  and  Sytykan  Rivers).  In  this  case 
dam  construction  within  the  area  of  such  a cut  is  possible  only  after  it 
is  closed  with  cofferdams  and  unwatered  either  by  gutters  or  by  pumping 
into  the  lower  pool.  This  work  is  usually  planned  on  the  calendar  for  the 
period  of  minimum  discharge. 

When  the  flow  is  10-15  m3/sec,  upstream  and  downstream  cofferdams 
are  built  in  the  river  channel,  and  the  water  held  back  by  the  upstream 
cofferdam  is  carried  off  through  a trench  or  pipe  into  the  lower  pool  across 
the  construction  area. 


In  building  the  dam  for  a temporary  reservoir  on  the  Irelyakh  River 
(See  Figure  5-1),  which  was  built  by  the  unfrozen  method,  it  was  necessary 
to  handle  two  spring  and  summer  floods.  The  spring  flood  of  1958,  which 
had  a 102  frequency  level  of  110  m3/sec,  was  handled  by  a natural  channel 
35  mm  wide.  In  order  to  prevent  flooding  of  the  by-wash  excavation,  during 
passage  of  the  flood  a barrier  was  installed  at  the  intake  area  of  the 
underwater  channel,  which  served  as  a natural  cofferdam. 


The  river  channel  was  closed  at  the  end  of  August  1958  and  the  reservoir 
began  to  fill.  Since  the  permanent  intake  structure  had  not  been  completed, 
a temporary  trough  6.0  m wide  was  built  to  pass  the  fall  flood  through  the 
uncompleted  by-wash. 


During  construction  of  the  dam  for  a permanent  reservoir  on  the 
Irelyakh  River,  the  discharge  during  the  first  year  of  construction  was 
passed  through  the  natural  channels.  During  the  spring  flood  loam  was 
placed  in  the  tooth  of  the  core  on  the  left  bank  floodplain,  the  site  having 
been  prepared  during  the  winter. 


In  order  to  prevent  flooding  of  the  tooth  trench,  the  bottom  of  which 
was  6 m below  the  bottom  of  the  river  bed,  cofferdams  were  built  along  the 
river  channel  and  loam  was  placed  in  the  tooth  behind  these  cofferdams 
during  the  spring  and  summer.  The  foundation  beneath  the  upstream  wedge, 
which  was  also  prepared  during  the  winter,  was  protected  from  flooding  by 
an  embankment. 


The  spring  and  fall  floods  during  the  second  construction  year  were 
passed  through  an  opening  after  the  dam  had  been  raised  to  its  full  design 
elevation  on  both  sides.  After  the  fall  flood  during  the  second  construction 
year  was  over,  the  river  bed  was  closed  with  upstream  and  downstream  cofferdams 
and  the  water  present  was  pumped  into  the  lower  pool  through  a conduit.  The 
channel  portion  of  the  dam  within  the  opening  was  constructed  on  the  unwatered 
foundation  site  after  sediments  had  been  stripped  away. 


In  building  the  dam  for  the  second-stage  tailing  pond  on  N'yukka 
Creek  (see  Figure  6-31),  a trench  was  dug  on  the  left-bank  floodplain  directly 
at  the  foot  of  the  valley  slope,  and  the  flow  was  diverted  after  the  stream 
bed  was  closed.  This  made  it  possible  to  strip  the  foundation  and  remove 
unsuitable  materials  in  the  dry.  Subsequently,  after  this  trench  was  closed. 
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the  creek  flow  was  bypassed  through  two  pipes  900  mm  in  diameter  running 
beneath  the  portion  of  the  dam  which  had  been  previously  constructed  on 
the  left-bank  floodplain.  The  creek  flow  had  remained  constant  practically 
throughout  the  entire  construction  period,  since  it  received  the  clarified 
water  from  the  ore-dressing  plant  which  was  operating  above  the  tailing 
pohd. 


Figure  6-31.  Diagram  of  the  method  used  to  handle  during 

construction  of  the  dam  on  N'yukka  Creek. 

a - Water  passing  through  the  cleft;  b - Water  passed  through  a 

conduit.  1 - Cofferdam;  2 - Construction  trench;  3 - Creek  bed; 

4 - Conduit  to  handle  discharge  during  the  second  stage; 

5 - First  stage  of  the  dam. 

After  the  dam  has  been  built  up  in  the  area  of  the  unwatering  trench 
to  the  design  elevation,  the  ends  of  the  pipes  were  closed  off  and  the  inside 
cavity  was  filled  with  a slurry.  During  this  period  the  creek  flow  was 
accumulated  above  the  upstream  cofferdam.  When  the  water  level  had  risen 
to  the  crest  of  the  cofferdam,  head  pressure  was  applied  to  the  tailing 
pond  dam. 

In  building  the  dam  on  the  Oyuur-Yurege  and  Sytykan  Rivers,  before 
the  spring  flood  in  the  first  year  of  construction  the  tooth  trench  was  dug 
to  its  full  extent  and  loam  was  placed  in  the  tooth  to  the  level  of  the  river 
bottom,  i.e.  to  a height  of  3-4  m in  the  channel  area.  The  waters  of  the 
spring  and  fall  flood  during  the  first  year  of  construction  were  passed 
through  the  natural  stream  bed.  During  the  spring  flood  the  loam  placed 
in  the  tooth  was  partially  flooded.  When  the  flood  waters  receded,  work 
began  from  both  banks  on  placement  of  more  loam  in  the  tooth  and  core. 

Fill  work  on  the  lateral  prisms  of  the  dam  was  not  interrupted  even  during 
the  spring  flood  period. 
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The  openings  in  the  dams  on  the  Oyuur-Yurege  (Figure  6-32)  and 
Sytykan  Rivers  were  closed  after  the  fall  floods  in  1971  and  1972, 
respectively. 


Figure  6-32.  Diagram  of  unwatering  of  the  construction  site 
for  the  dam  on  the  Oyuur-Yurege  River. 

1 - Temporary  dam}  2 - Temporary  channel;  3 - Dam  fill;  4 - Opening 
to  pass  water  during  construction;  5 - Sluiceway  channel;  6 - 
sluiceway;  7 - Flow-controlling  dike. 


It  should  be  noted  that,  prior  to  the  construction  of  both  of  these 
temporary  dams  were  built  0.5  km  above  them  to  be  used  for  2-3  years 


After  the  river  was  closed  off  and  before  the  advent  of  heavy  frost 
the  channel  portion  of  the  dam  on  the  Sytykan  River  was  raised  to  an  inter' 
mediate  elevation  of  14  m and  installation  of  the  freezing  system  began. 
After  freezing,  the  dam  was  placed  under  pressure  in  the  spring  of  1973 
to  create  a reservoir  with  a volume  of  about  5,000,000  m r.  At  this  time 
excess  flood  waters  were  disposed  of  by  spilling  across  the  crest  of  the 
dam,  since  the  level  of  the  floor  of  the  permanent  spillway  channel  was 
3 m above  the  crest  of  the  dam  (at  the  intermediate  height). 


After  the  spring  flood  of  the  second  construction  year  had  been  taken 
care  of,  the  dam  was  successfully  operated  for  an  entire  year  with  a water 
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head  of  about  10  m.  The  spring  flood  in  the  third  construction  year  was 
passed  through  the  permanent  spillway  channel,  since  the  dam  had  been 
raised  to  its  full  design  elevation  and  frozen. 


Thus  this  was  the  fifth  dam  with  a frozen  prism  in  the  history  of 
practical  dam  construction  to  operate  with  water  spilled  over  the  crest 
when  it  has  been  raised  to  intermediate  elevation.  The  crest  of  the  dam  and 
the  downstream  slope  with  a gradient  of  1:2  were  stabilized  with  stone. 
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During  construction  of  the  dam  for  the  Vilyuy  Hydroelectric  Power 
Station  the  river  flow  during  the  initial  stage  was  passed  through  an 
opening  in  the  rock  fill  (see  Figure  6-33),  and  in  the  second  stage,  through 
a trench  (see  Figure  6-34).  The  diversion  trench  was  cut  into  the  massive 
rock  on  the  left  valley  slope  to  handle  a flow  of  9400  m3/sec  (52  frequency) 
where  the  upper  pool  was  raised  25  m [19]. 


Figure  6-33.  Hater  passing  through  an  opening  in  the  dam 
during  the  construction  of  the  Vilyuy  Hydroelectric  Power  Station 
in  1964. 

The  trench  diversion  system  chosen  cannot  be  considered  successful 
for  the  Vilyuy  conditions,  since  it  was  necessary  to  work  on  the  dam  in 
the  trench  area  only  during  the  winter  and  very  fast.  It  would  have  been 
best  to  pass  the  high  flood  discharges  through  the  main  river  channel  or 
an  opening  in  the  dam  (possibly  also  by  spilling  the  water  over  the  crest 
of  the  still-uncompleted  dam),  and  to  pass  the  summer  low-water  flow  and 
the  winter  flow  through  water  escape  structures  (a  tunnel,  canal,  ditch,  or 
conduit). 


Figure  6-34.  Bypassing  of  water  through  a trench  during 
construction  of  the  Vilyuy  Hydroelectric  Power  Station. 
Concrete  plant  in  the  foreground. 


Worth  attention  in  this  respect  is  the  unwatering  experience  gained 
during  construction  of  the  Serebryanskaya  and  Khantayka  Hydroelectric  Power 
Stations.  During  construction  of  the  Serebryanskaya  Hydroelectric  Power 
Station,  discharges  of  1120  nP/sec  were  passed  through  a channel  and 
conduit  system  (see  Figure  6-35)  where  the  head  water  rose  11-12  m at  the 
entrance.  The  channel  was  not  cut  deep  into  the  slope.  Although  this 
required  building  a reinforced  concrete  wall  on  the  side  toward  the  dam,  the 
amount  of  work  required  to  dig  the  channel  and  place  earth  in  the  body  of 
the  dam  in  this  area  was  not  great. 


Figure  6-35.  Unwatering  of  the  construction  site  using  a channel- 
conduit  system  during  building  of  the  Serebryanskaya  Hydroelectric 
Power  Station. 

1 - Channel;  2 - Conduit;  3 - Reinforced  concrete  wall. 
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The  floodwaters  during  the  second  year  of  construction  were  passed 
only  through  the  conduit  while  the  dam  was  built  above  it  to  a height  of 
35  m. 

During  construction  of  the  Khantayka  Hydroelectric  Power  Station  a 
tunnel  measuring  10x10  m in  cross-section  was  constructed  to  handle  fall- 
winter  discharges  up  to  500  /sec.  Spring  floods  during  the  second  con  - 
struction  year  amounting  to  6700  nr /sec  with  a 5%  frequency  spilled  over  the 
crest  of  the  dam,  which  had  been  built  to  full  profile  up  to  an  intermediate 
elevation.  In  order  to  prevent  erosion,  the  downstream  slope  was  stabilized 
by  shuttering  with  a concrete  plate.  Concrete  was  also  placed  partly  in 
the  cells  of  the  cribwork  (see  Figure  5-15).  The  maximum  specific  discharge 
was  66.7  nr/sec  per  meter  of  dam  width  [77]. 

Effort  devoted  to  unwatering  is  relatively  small  in  building  dams 
on  permafrost.  A problem  arises  with  unwatering  only  when  working  in  the 
area  of  the  unfrozen  ground  beneath  a river  channel,  where  ground  water  is 
typically  present.  At  the  same  time,  however,  when  working  in  excavations 
for  the  tooth  of  a core  or  blanket  seal,  if  necessary  steps  are  not  taken 
to  limit  the  thawing  of  slope  materials  with  a high  ice  content,  serious 
difficulties  may  be  encountered  which  will  make  it  impossible  to  do  the  job 
properly.  In  these  cases  one  of  the  most  important,  tasks  is  to  keep  the 
site  dry,  and  successful  building  of  the  structure  will  depend  largely  on 
proper  planning  and  functioning  of  the  diversion  facilities.  Initial  pumping 
of  the  construction  site  after  the  building  of  cofferdams  and  the  removal 
of  water  which  has  seeped  through  the  cofferdams  and  their  foundations  are 
accomplished  with  an  open  unwatering  system  involving  the  digging  of  trenches 
and  drainage  ditches.  The  sumps  and  piping  must  be  heated  in  winter. 


When  the  foundation  sites  to  be  protected  are  large  in  area  and  water- 
bearing materials  are  present  in  the  foundation  of  the  cofferdam  and  along 
the  edges  of  the  excavation  with  a water  table  close  to  the  surface,  an 
open  unwatering  system  may  be  inadequate  or  may  not  be  capable  of  fully 
drying  the  foundation  materials.  In  such  cases  it  may  become  necessary  to 
remove  water  from  below  the  surface  with  filter  rods,  less  often  with  pipe 
wells  equipped  with  artesian  pumps,  and  by  electroosmosis  in  relatively 
impermeable  materials  [7]. 
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7-1.  LOCATION  AND  TYPES  OF  WATER-ESCAPE  STRUCTURES 

A hydraulic  engineering  installation  containing  dams  made  of  local 
materials  usually  includes  water-escape  and  water-intake  structures  of 
various  designs  for  various  purposes.  Spillways  usually  are  built  at  the 
surface,  since  they  are  used  to  release  not  only  water  but  also  ice  from 
the  reservoirs. 


When  dams  are  built  in  the  permafrost  zone,  one  usually  avoids 
locating  the  water-escape  and  water-intake  structures  in  the  body  of  the 
dam,  and  they  are  ordinarily  placed  at  one  of  the  valley  slopes.  The  reason 
for  this  is  that  dams  made  of  natural  materials  are  subject  to  considerable 
settlement  during  use,  so  that  local  deformations  are  possible  both  in  the 
water-escape  structures  and  in  the  dams  themselves,  so  that  the  resistance 
to  seepage  and  overall  integrity  of  the  dam  are  damaged. 

Water-intake  structures  with  pumping  stations  are  placed  alongside 
the  dam  to  permit  use  of  the  water  in  the  reservoir  for  economic  purposes. 

In  some  cases  outlets  are  installed  below  the  dam,  in  the  form  of 
metal  or  reinforced  concrete  pipes,  to  take  water  from  the  reservoir.  Such 
outlets  are  equipped  with  a gate  at  the  downstream  end.  Locating  water 
outlets  and  intakes  on  the  bottom  makes  it  possible  to  utilize  more  fully 
the  water  resources  of  a reservoir.  But  the  flow  which  can  be  accomodated 
by  such  outlets  is  usually  not  large  and  this  function  can  be  equally  well 
met,  in  our  opinion,  by  building  siphons  or  pumping  stations. 

We  are  firmly  convinced,  moreover,  that  when  building  dams  on  a 
permanently  frozen  foundation,  water-escape  structures  must  not  be  built 
in  the  body  of  the  dam.  As  far  as  the  economy  of  such  designs  is  concerned, 
it  can  hardly  be  compared  with  the  reduced  reliability  of  the  dams  themselves, 
even  though  to  avoid  uneven  settlement  of  dams,  efforts  are  made  to  install 
water  outlets  below  the  dams. 
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Nevertheless  there  are  frequent  cases  of  dam  failure  caused  to  some 
extent  by  the  installation  of  water  outlets  in  the  foundation  or  body  of 
dams.  For  this  reason,  the  author  feels  that  the  recomnendations  of  VSN-08-65 
p.  24,  which  permit  construction  of  bottom  outlets  under  dams,  should  be 
considered  erroneous. 

Ordinarily  open  water-escape  structures  are  built  along  the  bank 
around  the  dam  as  self -regulating  spillways  or  sluiceways  with  control 
gates  at  the  crest  and  other  well-known  equipment  to  control  the  hydraulic 
relationships  of  the  upper  and  lower  pools  and  to  absorb  the  energy  of  the 
flow.  Automatic  self-regulating  water-escape  structures  with  their  crest 
at  the  elevation  of  the  normal  headwater  level  (NHL)  of  the  reservoir  are 
preferable  from  the  functional  viewpoint.  But  structures  of  this  type  mean 
expanding  considerably  the  width  of  the  water-escape  facility,  and  this 
cannot  always  be  accomplished  because  of  topographic  conditions. 

When  it  is  difficult  to  install  the  water-escape  ^structure  in  frontal 
alignment  with  the  dam,  by-wash  trenches  are  built  which  carry  the  water 
off  to  the  side.  Designers  adopt  this  solution  when  building  dams  in 
narrow  valleys  with  steep  sides.  In  order  to  keep  down  the  cost,  the  direction 
of  spillway  discharge  of  water-escape  structures  is  usually  positioned  at 
right  angles  to  the  axis  of  the  dam  or  aproximately  so  (see  Figure  7-1). 

The  water  passes  over  the  weir  into  a narrow  canal,  changes  its  direction 
almost  90°  and  then  runs  along  the  tail  race. 


Figure  7-1.  Trench-type  water  escape  at  the  installation  on 
the  Myaundzha  River. 

1 - Escape  trench)  2 - Concrete  weir;  3 - Crest  of  dam.  Keyt  x - NHL 


The  special  characteristic  of  water-escape  structures  is  that  by 
nature  they  function  intermittently,  disposing  of  floodwaters  during  a short 
time  period.  At  the  same  time  a considerable  amount  of  work  is  required 
to  build  them  (see  Table  7-1)  and  their  cost  is  close  to  the  cost  of  building 
the  dam  (see  Table  7-2).  For  these  reasons  stringent  specifications  are 
applied  to  water-escape  structures  with  respect  to  their  design,  workmanship, 
and  temperature  regime  when  built  on  permafrost. 

Table  7-1 


Work  Involved  in  Building  Water-Escape  Structures 


Operation 

Volume, 

3 

thousands  of  m 

Irelyakh 

Oyuur-Yurege 

Sytykan 

Excavation 

197.0 

38.0 

254.0 

Fill  of  noncohesive  material 

6.0 

17.0 

12.6 

Placement  of  loam 

1.0 

— 

14.0 

Preparation  with  sand 

4.5 

— 

2.7 

Preparation: with ■ crushed  rock 

7.5 

1.0 

6.2 

Facing  channel  with  reinforced 

concrete  plates 

8.0 

3.4 

10.65 

Concrete  piers  and  piles  of 

icebreakers 

0.56 

“ 

1.31 

Table 

7-2 

Relative  Cost 

of  Dams 

and  Water-Escape  Structures 

Relative  cost,  * of 

Ratio  of  relative  cost 

Installation 

total  construction 

of  dam  to  relative 

cost  of  water  escape 

dam 

water  escape 

Vilyuy 

27.8 

18.2 

1.53 

Khantayka 

32.0 

32.0 

1.00 

Kolyma 

24.0 

24.0 

1.00 

On  Irelyakh  River 

52.5 

46.5 

1.13 

On  Oyuur-Yurege  River 

65.0 

24.0 

2.70 

On  Sutykan  River 

41.0 

56.0 

0.73 

When  selecting  the  alignment  and  structural  components  of  an  instal- 
lation, one  must  give  careful  attention  to  the  conditions  under  which  the 
water-escape  structures  will  be  built,  taking  into  account  the  use  of  simple 
designs  which  will  permit  the  maximum  possible  degree  of  mechanization. 

The  best  alternative  is  adopted  after  studying  and  comparing  a number  of 
design,  engineering,  and  operational  alternatives. 
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As  has  already  been  mentioned , water-escape  structures  are  built  as 
regulated  and  open  self -regulating  channels.  Gates  are  built  at  the  head 
of  regulated  sluiceways.  Lateral  trench  type  water  escapes,  siphon-type 
escape-intakes,  and  bottom  intake-outlets  with  gates  located  in  a tower  may 
also  be  used. 

A water  escape  with  an  open  self -regulating  channel  consists  of  an 
intake  channel,  a header,  a discharge  channel  with  associated  structures, 
and  a discharge  canal.  The  discharge  portion  of  the  water-escape  facility 
is  linked  to  the  lower  pool  via  multiple  cascades  or  a tail  race,  the 
construction  of  breakwater  wells,  spreaders,  overshoots,  etc. 

The  intake  channel  is  usually  built  with  a wide  cross-section  so 
that  the  approach  speed  will  be  slow  and  the  bottom  and  sides  will  not 
require  facing.  When  weak  ground  materials  are  involved,  the  tail  race  is 
usually  replaced  by  a multiple  cascade.  The  head  structure  of  the  water 
escape  is  usually  made  of  concrete,  and  in  controlled  sluiceways  it  is 
equipped  with  working  gates  which  can  be  repaired  or  replaced.  In  order 
to  reduce  the  amount  of  excavation  required,  the  tail  race  is  curved  in 
plan  view  and  banked.  Velocities  in  the  tail  race  may  reach  15-25  m/sec, 
so  that  it  should  be  faced  very  carefully. 

In  multiple  cascades  energy  is  absorbed  at  every  step.  The  dimensions 
of  the  multiple  cascade  are  determined  by  hydraulic  design  calculations  and 
tested  with  a model  in  the  laboratory. 

Siphon  water  escapes,  being  automatic  in  operation,  pass  water 
well  and  have  good  operating  characteristics  which  permit  free  regulation 
of  the  discharge.  Because  they  act  automatically,  the  operation  of  the 
siphons  is  simple,  although  for  normal  operation  during  the  winter  it  is 
necessary  to  warm  them  throughout  their  length. 

Siphon  devices  made  of  metal  pipe  were  used  to  carry  away  clarified 
water  from  the  tailing  ponds  built  on  Novyy  and  N'yukka  Creeks. 

Siphon-type  intake  and  discharge  installations  are  desirable  when 
building  dams  on  permafrost  in  the  Far  North,  because  during  operation  they 
have  less  effect  on  the  thermal  regime  of  the  dam  and  its  foundation  than 
any  other  type  of  water-escape  structure. 

7-2.  EXAMPLES  OF  HATER-ESCAPE  STRUCTURES 

1.  The  water-escape  structure  of  the  temporary  reservoir  on  the 
Irelyakh  River  was  located  where  the  dam  joins  the  right  bank  and  consists 
of  intake  and  discharge  channels  and  the  sluiceway  itself.  Both  channels 
are  of  practically  the  same  length  and  were  dug  into  the  bed  rock  of  the 
right  valley  slope.  Figure  7-2  shows  a longitudinal  section  through  the 
axis  of  the  sluiceway  area. 
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Figure  7-2.  Sluiceway  of  the  dam  for  a temporary  reservoir  on 
the  Irelyakh  River. 

1 - Dam;  2 - Cribwork  healer;  3 - Gates;  4 - Concrete  plate  of 
the  floor;  5 - Apron;  6 - Cribwork  foundation;  7 - Location  of 
zero  isotherm  under  the  sluiceway. 

Key:  x - NHL. 


Repairs  consisted  of  planning  and  installing  a reinforced  concrete 
plate  on  the  floor  of  the  structure.  An  apparatus  to  raise  the  water  level 
was  built  on  the  concrete  plate  consisting  of  girders,  poles,  and  panels, 
which  made  it  possible  to  raise  the  normal  headwater  level  by  2. IS  m.  In 
addition,  an  apron  of  loam  faced  with  reinforced  concrete  plates  was  in- 
stalled in  front  of  the  header  in  the  intake  channel. 


The  water-escape  structure  was  originally  planned  to  be  sulf-regulating. 
The  threshold  at  the  NHL  level  of  the  reservoir  has  a cribwork  header  24  m 
wide  and  7.5  m long  feeding  into  the  wooden  sluice  of  the  tail  race.  The 
tail  race  was  planned  as  a frame  structure  100  m long  on  a pile  foundation. 

An  ice-retaining  structure  was  installed  in  the  reservoir  ahead  of  the  water 
escape  consisting  of  clusters  of  seven  piles,  each  30  cm  in  diameter. 


A few  days  after  the  water  in  the  reservoir  had  reached  the  design 
elevation,  seepage  appeared  in  the  foundation  of  the  water  escape  as  a 
result  of  design  deficiencies  in  the  junction  between  the  cribwork  header 
of  the  water  escape  and  the  foundation.  When  the  first  spring  flood  occurred 
(1959),  the  water  escape  was  practically  entirely  destroyed  (see  Paragraph 
8-4). 
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This  water-escape  structure  was  planned  using  designs  employed  under 
ordinary  conditions.  Since  permafrost  was  present  in  the  foundation  of  the 
structure,  more  attention  should  have  been  paid  to  the  subgrade  design; 
fissures  should  have  been  covered  and  filled. 

2.  The  water-escape  structure  for  the  permanent  reservoir  on  the 
Irelyakh  River  was  located  outside  the  body  of  the  earth  dam  on  the  left 
bank.  The  gentle  slope  permitted  the  structure  to  be  installed  with  minimum 
excavation. 

The  water  escape  is  an  open  self-regulating  channel  with  a multiple 
cascade  (see  Figure  7-3).  The  channel  is  trapezoidal  in  shape,  40  m wide 
at  the  bottom,  and  has  slopes  with  a gradient  of  1:2,  a length  of  700  m, 
and  a declivity  of  0.0021.  It  was  designed  to  pass  water  at  a rate  of 
166  nr/sec  (floods  occurring  with  a 2%  frequency)  and  in  a test  case  to 
pass  a flood  with  discharge  reaching  356  m^/sec  (0.1%  probability).  It 
was  stabilized  with  reinforced  concrete  plates  bedded  on  a layer  of  crushed 
stone.  The  multistep  cascade  to  absorb  the  energy  of  the  flow  had  four 
steps,  each  3.0  m high.  Each  step  is  30  m long.  The  steps  of  the  cascade 
are  made  of  walls  of  reinforced  concrete  (see  Figure  7-4),  installed  on  a 
grid  of  reinforced  concrete  piles  sunk  5.0  m into  the  frozen  ground  (see 
Figure  7-5). 

Pockets  were  provided  in  front  of  the  walls  on  the  upstream  side. 

These  were  filled  with  crushed  stone,  and  perforated  pipes  of  asbestos 
cement  were  installed  in  them.  Drain  pipes  were  also  installed  in  the 
concrete  walls  to  drain  water  from  the  pockets  and  permeable  material  was 
placed  below  the  walls  of  the  steps.  The  bottom  and  slopes  of  the  channel 
are  lined  for  a distance  of  10  m below  the  walls  with  heavy  reinforced  con- 
crete plates  1.0  m thick,  which  serve  as  aprons. 

The  plan  did  not  provide  for  the  passage  of  ice  through  the  spillway. 

It  was  assumed  that  an  ice  cover  would  form  on  the  reservoir,  and  only 
individual  pieces  of  ice  torn  away  from  the  ice  cover  could  reach  the 
spillway.  An  ice-retaining  wall  consisting  of  six  massive  reinforced 
concrete  piers  built  on  pilings  was  constructed  to  hold  back  the  ice  floes 
at  the  entrance  to  the  water-escape  channel.  The  piles,  with  a 35x30  cm 
cross-section,  were  sunk  8 m into  the  frozen  ground.  An  automobile  road 
was  run  across  the  piers.  A longitudinal  frozen  curtain  of  freezing  columns 
similar  to  that  used  in  the  dam  was  built  along  the  right  bank  of  the  channel, 
i.e.  on  the  dam  side. 

A frozen  curtain  was  installed  beneath  the  water-escape  channel  in 
line  with  the  axis  of  the  dam.  It  was  produced  by  five  metal  pipes  running 
horizontally  in  the  loam  tooth.  Cold  air  was  circulated  through  these  pipes 
in  the  winter. 

A deficiency  of  this  water-escape  structure  is  the  fact  that  the 
frozen  curtain  was  built  only  in  the  intake  region  (along  the  axis  of  the 
dam),  while  the  design  allowed  the  foundation  to  thaw  along  the  rest  of 
the  channel.  The  channel  was  designed  with  filters  and  drains  but  means  were 
not  provided  to  prevent  seepage  of  warm  water  into  the  foundation  materials. 
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Figure  7-4.  Permanent  dam  water  escape  for  the  permanent  reservoir 
on  the  Irelyakh  River. 

3.  The  water-escape  structure  for  the  installation  on  the  Myaundzha 
River  was  planned  to  handle  a discharge  of  338  mJ/sec  (1%  frequency).  It 
was  located  on  the  left  bank  in  massive  rock  and  is  shown  in  Figure.  7-1. 

In  order  to  reduce  the  amount  of  rock  excavation  required,  a concrete  weir 
was  run  parallel  to  the  slope  so  that  the  water  would  spill  into  a trench 
faced  with  concrete.  This  design  provided  for  a sufficiently  wide  spillway 
with  minimum  rock  excavation. 


In  contrast  to  the  dam,  the  water^escape  facility  was  designed  to 
allow  thawing  of  the  foundation  during  use,  and  this  was  the  principal 
design  defect. 

4.  The  water-escape  structure  with  concrete  header  for  the  instal- 
lation on  Ponneuregen  Creek  was  built  to  bypass  the  dam  on  the  left  slope 
of  the  valley.  The  intake  channel,  which  was  20  ra  long  and  60  m wide  was 
built  with  a reverse  slope 'of  0.005.  The  level  of  the  floor  of  the  water- 
escape  structure  was  3.6  m below  the  normal  headwater  level  of  the  reservoir. 
The  water-escape  structure  was  designed  to  pass  a flow  of  89  m^/sec  (0.5  7. 
frequency).  The  spillway  width  was  15  m.  Below  the  head  of  the  water 
escape  a tail  race  8 m wide  and  220  m long  was  built  in  a rock  excavation 
and  faced  with  concrete.  The  water  escape  terminated  in  a concrete  over- 
hang with  a reverse  slope  of  15°.  An  erosion  cone  up  to  16  m deep  is  formed 
beyond  the  overhang  when  water  is  flowing  at  the  design  rate. 

5.  The  water-escape  structure  for  the  installation  on  the  Oyuur-Yurege 
River  (Figure  7-6)  was  originally  planned  as  siphons  consisting  of  five  pipes 
1.0  m in  diameter  installed  in  the  body  of  the  earth  dam  with  its  frozen  cur- 
tain. But  since  this  design  for  the  water-escape  did  not  guarantee  that  the 
ice-earth  frozen  curtain  would  be  preserved,  it  was  decided  to  build  the 
water  escape  as  an  open  self-regulating  channel  with  a tail  race  on  the  left 
bank.  The  discharge  channel,  which  was  410  m long  and  7.0  m wide  at  the  bottom 
was  built  in  rock  (diabase)  and  semiconsolidated  sedimentary  materials  with 
sloping  sides  (1:1.5)  and  a bottom  slope  of  0.025. 
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Figure  7-7.  Water  escape  structure  of  the  installation  of  the 
Sytykan  River. 

1 - Icebreaker  piers  and  bridge;  2 - Automobile  road;  3 - Loam 
platform;  4 - Frozen  curtain;  5 - Tail  race;  6 - Breakwater. 


The  bottom  of  the  channel  is  horizontal  for  the  last  50  ■.  The 
sides  and  bottom  of  the  channel  were  stabilized  with  riprap  in  the  sedi- 
mentary rock  area.  The  concrete  tail  race  was  built  as  a rectangular 
trough.  A concrete  cutoff. tooth  5 m deep  was  installed  below  the  floor  of 
the  concrete  header  and  was  cut  like  a spur  into  the  massive  rock  on  the  left 
bank.  The  header  of  the  water-escape  structure  was  built  so  as  to  keep  the 
foundation  in  the  frozen  state. 


A freezing  system  was  installed  along  the  axis  of  the  tooth.  It  is 
a continuation  of  the  dam  freezing  system.  The  freezing  columns  run  through 
the  concrete  cutoff  wall  and  are  buried  3 m into  the  rock  below.  The  certain 
extends  a distance  of  8 m below  the  floor.  This  system  extends  into  the 
left  rock  bank  of  the  water-escape  structure  7.5  m from  the  edge  of  the  header. 


The  pressurized  and  exhaust  air  headers  run  at  the  level  of  the  dam 
crest.  The  pipes  of  the  freezing  columns  are  connected  to  these  headers 
by  removable  riser  pipes.  These  are  taken  off  when  a flood  is  passing 
through  the  water-escape  structure.  The  heads  of  the  freezing  column  pipes 
are  kept  during  the  summer  in  recesses  built  into  the  concrete  floor  of  the 
spillway. 


The  structure  was  designed  to  pass  a flow  of  35  m^/sec  with  a 1.4  m 
head  of  water  at  the  floor.  Ice  was  not  expected  to  pass  through  the 
spillway.  Ice  is  held  in  the  reservoir  by  the  directional  dikes  of  the 
intake  channel.  These  run  at  an  angle  of  90°  to  the  axis  of  the  spillway 
structure. 


The  freezing  system  below  the  floor  of  the  spillway  was  designed 
for  this  dam  after  taking  into  account  the  design  deficiencies  associated 
with  the  dam  on  the  Irelyakh  River.  A deep  concrete  cutoff  wall  and 
vertical  freezing  columns  assure  preservation  of  the  foundation  in  the 
frozen  state. 


6.  Water-escape  structure  of  the  installation  on  the  Sytykan  River 
is  located  on  the  left  valley  slope  of  the  river  in  the  form  of  an  open 
channel  passing  through  semiconsolidated  materials  (see  Figure  7-7). 


The  water-escape  structure  was  designed  to  handle  a flow  of  318  o3/sec 
with  a 0.52  frequency.  The  structure  consists  of  an  intake  area,  where  an 
ice-retaining  structure  is  located,  the  channel  itself  with  a transition 
region,  a tail  race,  and  a breakwater.  The  total  length  of  the  water- 
escape  structure  is  720  m.  The  channel,  which  is  40  m wide  at  the  bottom 
and  280  m long  has  a curvilinear  outline  in  plan  view  with  a back-to-front 
slope  of  0.003.  The  bottom  and  sides  of  the  channel  within  the  area  reached 
by  water  are  faced  with  concrete  plates  0.2  m thick  bedded  on  a layer  of 
crushed  stone  0.2  m thick.  Below  the  concrete  facing  of  the  channel  there 
is  a layer  of  loam  0.7  m thick. 

After  a straight  transitional  area,  the  canal  feeds  into  a tail 
race  230  m long  and  18  m wide,  which  has  a slope  of  0.077  and  is  faced  with 
reinforced  concrete  plates  0.5  m thick  on  a layer  of  crushed  stone  0.2  m 
thick.  The  slope  of  the  channel  banks  is  1:2.  The  seams  between  the  plates 
are  packed  with  a tarry  mixture.  The  tail  race  terminates  in  a splash  wall. 

The  ice-retaining  wall,  which  is  120  m long  at  the  front,  consists 
of  7. 5x1. 2 m piers  spaced  6 m apart.  A service  bridge  runs  along  the  piers. 

The  piers  are  built  on  piles  sunk  7 m into  the  bedrock. 

The  water-escape  structure  of  the  installation  on  the  Sytykan  River 
was  planned  to  operate  without  removing  the  foundation  material  in  the 
frozen  state,  but  means  were  provided  to  limit  the  growth  of  the  unfrozen 
zone  by  installing  an  earth-concrete  wall  with  a frozen  curtain  below  the 
structure.  Steps  were  taken  to  prevent  the  development  of  a thawed  zone 
(if  formed)  in  the  foundation  of  the  dam,  as  did  occur  under  the  dam  on  the 
Myaundzha  River  and  as  is  tending  to  form  under  the  dam  on  the  Irelyakh  River. 

Operating  experience  with  the  water-escape  structures  described  above 
leads  us  to  conclude  that  it  would  have  been  better  for  this  frozen-type 
dam  if  a water  escape  structure  had  been  planned  which  would  operate  with 
the  foundation  and  the  portion  of  the  water-escape  channel  adjacent  to  the 
dam  maintained  in  a frozen  state.  Moreover,  since  the  materials  along  the 
path  of  the  canal  was  fissured,  with  cracks  often  as  wide  as  10-15  cm  and 
filled  with  ice,  two  or  three  deep  antiseepage  grout  curtains  should  have 
been  installed  after  thawing  the  frozen  foundation.  In  order  to  preserve 
the  frozen  ground  in  the  foundation,  a frozen  curtain  should  also  have  been 
installed  not  only  cross  the  channel  but  also  along  its  left  side  adjacent 
to  the  dam. 

Placement  of  only  a single  layer  of  loam  on  the  bottom  and  sides 
of  the  channel  within  the  area  reached  by  water  may  turn  out  to  be  insufficient 
to  protect  the  foundation  from  thawing,  from  developing  numerous  cracks  in 
different  directions,  and  from  subsidence  of  particular  blocks  of  earth. 

7-3.  THE  TEMPERATURE  REGIME  OF  WATER-ESCAPE  STRUCTURES 

A dam  and  its  water-escape  structure  frequently  and  without  justifica- 
tion will  be  built  to  operate  under  different  temperature  conditions. 
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The  problem  of  choosing  the  temperature  conditions  for  building  water- 
escape  structures  is  still  far  from  solved.  Further  study  is  needed. 

As  has  already  been  mentioned  above,  water-escape  structures  usually 
are  located  along  one  of  the  valley  slopes  and  above  the  dam.  Depending 
on  the  engineering  geology  and  topography  of  the  area,  the  positioning  of 
the  dam  and  that  of  the  water-escape  structure  are  interrelated.  Under 
these  conditions,  the  temperature  regimes  for  the  dam  and  the  water-escape 
structure  cannot  be  selected  without  careful  study  and  prediction  of  their 
temperature  regime  during  the  operating  period.  It  should  be  kept  in  mind 
that,  because  of  the  close  mutual  positioning  of  these  structures,  heat 
exchange  necessarily  takes  place  between  them,  and  this  may  lead  to  an 
emergency  situation. 

The  opinion  expressed  by  some  specialists  to  the  effect  that  it  is 
not  necessary  to  build  all  the  structures  in  an  installation  according  to 
the  same  temperature  principle  should,  in  our  opinion,  be  considered  in- 
correct. Even  under  the  most  favorable  frozen  ground  conditions  (which 
practically  eliminates  conditions  in  the  permafrost  zone),  an  opinion  of 
this  sort  requires  the  most  careful  examination. 

It  should  be  remembered  that  about  half  of  the  total  cost  of  an 
installation  goes  into  the  water-escape  structure  (see  Figure  7-2),  and 
the  consequences  of  damage  to  it  may  be  very  serious,  even  if  the  dam 
itself  is  not  damaged  in  the  process.  Damage  to  a water-escape  structure 
necessarily  affects  the  operational  reliability  of  the  entire  installation. 
Moreover,  from  the  operational  viewpoint  the  operating  conditions  of  the 
water-escape  structure  are  more  severe  than  for  the  dam.  In  frozen  dams  the 
reliable  functioning  of  the  frozen  curtain  usually  determines  and  guarantees 
the  temperature  stability  of  the  body  of  the  dam.  The  problem  with  the 
operation  of  the  water-escape  structure  lies  in  the  fact  that  the  working 
surface  of  this  structure  is  completely  open,  so  that  it  is  subject  to  the 
influence  of  external  factors,  including  seasonal  temperature  variations, 
the  annual  amplitude  of  which  in  these  regions  may  reach  100°C.  Operating 
conditions  are  most  severe  for  the  self-regulating  water-escape  structures. 

The  bottom  and  sides  of  the  channel  freeze  up  in  the  winter.  In 
some  years  it  is  also  possible  that  unfrozen  zones  will  persist  under  the 
spillways.  When  floodwaters  are  passing  through  a channel,  the  surface 
of  which  may  previously  have  already  been  warmed  up  to  positive  temperatures, 
the  water  has  a thermal  as  well  as  a mechanical  effect  on  the  structural 
elements  of  the  channel.  At  the  start  of  the  flood  the  water  temperature 
usually  is  from  0 to  +2°C.  Its  temperature  gradually  rises,  and  as  the  high 
water  recedes,  it  may  have  a temperature  as  high  as  +6°  to  +8°C  or  even 
more.  During  a period  of  abundant  summer  rain  the  water  spilling  through 
the  channel  may  be  deep  and  its  temperature  even  higher  (+15°  to  +18°C). 

This  means  that  conditions  of  heat  and  mass  exchange  within  a water- 
escape  channel  may  be  much  more  severe  than  in  the  dam  itself,  the  tempera- 
ture regime  of  which,  as  has  been  already  stated,  is  governed  by  the 
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reliable  operation  of  the  freezing  system.  Ignoring  these  characteristics 
may  lead  to  radical  changes  in  the  temperature  regime  of  the  water-escape 
structure  and  the  foundation  materials,  with  the  threat  that  the  thawed 
zone  will  spread  toward  the  dam,  causing  all  sorts  of  problems. 

Special  attention  should  be  given  to  these  problems  in  building  dams 
and  related  structures  on  permafrost,  since  the  introduction  of  heat  into 
the  body  and  foundation  of  the  structures  may  lead  to  a change  in  their 
temperature  regime  causing  a loss  of  bearing  capacity  in  the  foundation, 
seepage,  and  loss  of  overall  structural  integrity.  Therefore  all  structures 
of  an  installation  usually  should  be  built  to  operate  under  the  same 
temperature  conditions;  i.e.  in  building  a dam  of  the  frozen  type  the 
water-escape  structures  also  should  be  built  in  such  a way  that  both  the 
foundation  and  the  other  elements  are  maintained  in  the  frozen  state  during 
operation. 

Disregard  of  these  requirements  of  engineering  permafrostology  will 
lead  to  serious  consequences,  causing  damage  to  the  structure  which  will  be 
very  costly  to  repair. 

Examples  of  how  disregard  of  these  requirements  results  in  structural 
damage  are  seen  in  the  installations  on  the  Myaundzha  River  in  Magadan 
Oblast  and  on  the  Irelyakh  River  in  the  Yakut  ASSR  [12,  33]. 

The  concrete  water-escape  structure  of  the  installation  on  the  Myaundzha 
River  was  built  in  1952-1954.  The  earth  dam  with  its  frozen  core  creates 
a reservoir  of  4.5  million  nr.  On  the  left  bank  the  dam  abuts  a rocky  shore- 
line. From  the  surface  to  a considerable  depth  the  rock  consists  of  heavily 
fissured  basalts  and  andesites  which  have  been  weathered  to  the  state  of 
gravel.  Where  the  dam  joined  the  rock  a concrete  tooth  was  built,  as  well 
as  a wall  joining  the  dam  to  a concrete  weir.  The  design  of  the  water-escape 
structure,  which  was  built  without  regard  for  the  temperature  regime  during 
operation,  is  described  in  Section  7-2. 

During  the  first  year  of  operation  of  the  installation,  when  the 
pressure  on  the  structure  did  not  exceed  50%  of  the  design  pressure,  a 
thawed  zone  formed  in  the  highly  fissured  material  under  the  concrete 
crest  of  the  weir.  Then  the  thawed  zone  spread  under  the  foundation  of 
the  adjacent  abutment,  and  at  the  end  of  the  second  year  of  operation, 
positive  ground  temperatures  were  reported  at  the  juncture  between  the  earth 
dam  and  the  abutment  (see  Figure  5-40).  The  seepage  that  started  in  the 
foundation  of  the  left-bank  part  of  the  dam  assumed  threatening  proportions. 

In  August  1955  the  seepage  reached  a level  of  3.5  thousand  nr /day,  in- 
January  1956  5.5  thousand  nr,  and  at  the  end  of  winter  8.1  thousand  nr /day. 

The  thawed  depth  in  the  foundation  under  the  left-bank  junction  of  the  dn 
reached  35  m.  In  spite  of  heavy  operation  of  the  air  and  brine  frozen  curtain 
system,  the  thawed  zone  continued  its  progress  under  the  dam. 

In  1961-1962  work  was  done  to  grout  the  foundation  of  the  concrete 
weir  and  the  left-bank  portion  of  the  earth  dam.  This  made  it  possible  to 
freeze  the  core  and  the  foundation  throughout  its  length,  and  thus  to  protect 
the  dam  to  a considerable  extent. 
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Subsequently  the  dam  was  maintained  in  a frozen  state  by  two  cooling 
systemst  one  system  operated  year-round  with  forced  circulation  of  a 
calcium  chloride  brine  coolant  through  the  freezing  columns;  the  second 
operated  seasonally,  cooling  by  circulation. of  cold  air. 

Construction  of  this  installation  was  based  on  two  principles  for 
building  on  permafrost*  the  earth  dam  was  built  on  the  basis  of  the  frozen 
principle  with  a frozen  impervious  core  and  the  foundation  maintained  in  the 
frozen  state,  while  the  concrete  weir  was  built  on  the  basis  of  the  thawing 
principle  which  allows  thawing  of  the  foundation  materials. 

With  further  operation,  thawing  of  the  foundation  of  the  weir  caused 
by  heat  accumulated  in  the  reservoir  and  the  appearance  of  seepage  through 
the  fissured  rock  promoted  further  deep  thawing  of  the  foundation  (to 
70-75  m)  and  large  losses  of  water  from  the  reservoir. 

A water  escape  channel  with  a stepped  cascade  was  built  on  the  Irelyakh 
River  in  1962-1964  (see  Figure  7-2). 

A single  dam  of  the  frozen  type  20  m high  impounds  a reservoir  of 
12,000,000  m . The  ice-earth  cutoff  wall  in  the  loam  core  is  maintained 
by  freezing  through  circulation  of  cold  air  in  freezing  columns  during  the 
winter. 


An  air-frozen  curtain  was  also  built  along  the  right  side  of  the 
water-escape  channel,  the  cooling  system  being  an  extension  of  the  frost 
curtain  in  the  dam.  Its  purpose  it  to  protect  the  right  side  of  the  channel 
from  the  warming  action  of  the  water  passing  through  it.  This  step  based 
on  the  design  assumptions  was  to  protect  the  foundation  and  core  of  the  dam 
from  thawing,  since  the  water-escape  structure  had  been  planned  in  a way 
that  would  permit  thawing  of  the  frozen  ground  in  its  foundation  during 
operation.  The  freezing  columns  installed  along  the  right  side  of  the  canal 
and  in  the  core  of  the  dam  were  of  the  same  type. 

In  the  course  of  building  the  structures  at  the  installation  we  sug- 
gested extending  the  frozen  curtain  of  the  dam  under  the  water-escape 
structure  and  joining  it  to  the  bedrock  on  the  left  bank.  This  suggestion 
was  adopted,  but  the  freezing  system  benearth  the  channel  was  planned  to 
consist  not  of  vertical  columns  but  of  five  pipes  running  horizontally  in 
the  loam  tooth  (Figure  7-8)  through  which  cold  air  was  circulated.  This 
freezing  system  design,  as  became  evident  later,  was  inadequate  to  counter- 
act the  warming  effect  of  the  seepage  flow.  After  four  years  of  operation 
it  was  found  that  the  materials  in  the  foundation  of  the  water-escape  channel 
had  thawed  to  a depth  of  15-16  m. 

The  pattern  of  change  in  the  temperature  regime  of  the  canal  foundation 
depends  on  the  design  of  the  water-escape  structure  and  the  nature  of  the 
bedding  of  bedrock  in  its  foundation. 
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Figure  7-8.  Freezing  system  beneath  the  water-escape  channel 

of  the  permanent  reservoir  on  the  Irelyakh  River. 

1 - Bottom  of  channel;  2 - Freezing  pipes;  3 - Fan;  4 - Header; 

5 - Hat^  level;  6 - Seepage  around  the  system. 

Key:  x - NHL;  y - B-B. 

As  has  already  been  stated , the  open  water-escape  channel,  which  is 
40  m wide  at  the  bottom,  was  built  around  the  dam  on  the  left  bank.  The 
channel  runs  along  the  second  terrace  above  the  floodplain.  The  bedrock 
along  the  route  consists  of  frequent  interlayers  of  argillaceous  limestones, 
sheets  of  dolomite,  calcareous  sandstones,  marls,  and  marly  clays.  The 
intake  sector  of  the  channel  has  a reverse  slope  and  runs  within  a layer  of 
diluvial  loam,  never  cutting  through  it  and  never  revealing  the  bedrock. 

Later  on,  the  horizontal  sector  of  the  channel  and  the  cascade  sector  cut 
into  the  bedrock  to  depths  of  as  much  as  8-10  m (see  Figure  7-3). 

As  planned,  the  bottom  and  sides  of  the  channel  were  faced  with 
prefabricated  reinforced  concrete  plates  installed  on  a layer  of  crushed 
rock  and  sand  0.4  m thick  without  antiseepage  elements. 

The  cascade  walls  were  built  as  retaining  walls  on  a pile  foundation. 
Spaces  behind  the  walls  were  filled  with  noncohesive  materials;  and  drain 
pipes  were  installed  in  the  concrete  walls  of  the  cascades  to  carry  off 
water.  Permeable  materials  were  also  placed  at  the  foot  of  the  cascade  walls 
Thus  the  construction  of  the  cascade  walls  and  the  facing  of  the  bottom  and 
sides  of  the  channel  permit  seepage  of  water  over  the  entire  length  of  the 
channel,  so  that  the  design  of  the  channel  does  not  tend  to  prevent  thawing 
of  the  permafrost  in  the  foundation. 

The  loam  cutoff  wall  3.7  m deep  built  across  the  canal,  which  is 
artificially  cooled,  cannot  block  the  path  of  the  seepage  flow,  since  its 
crest  is  located  beneath  the  layer  of  crushed  rock  on  which  the  reinforced 
concrete  facing  plates  rest. 
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The  structure  of  the  bedrock  is  also  very  interesting.  When  the 
trench  was  dug  in  the  bottom  of  the  channel  to  build  the  frozen  curtain  in 
the  sides  of  the  channel,  the  semiconsolidated  rock  was  found  to  be  very 
heavily  fissured.  The  cracks  extend  both  horizontally  and  vertically  and 
are  up  to  l4K^mm  wide. 

Since  the  fissured  rock  in  the  bottom  and  sides  of  the  channel 
were  not  sealed  with  any  sort  of  impervious  layer,  nothing  prevented  the 
seepage  flow,  as  it  moved  through  the  layer  of  crushed  rock  under  the 
plates,  from  penetrating  as  time  passed  into  the  fissured  bedrock  of  the 
bottom  and  sides  of  the  channel  around  the  end  of  the  horizontal  curtain. 

This  movement  was  also  favored  by  the  southern  exposure  of  the  left  bank 
of  the  canal,  which  promoted  deep  warming  of  the  ground. 

If  one  examines  carefully  the  manner  in  which  the  thawed  zone  is 
spreading  beneath  the  water-escape  channel,  one  can  clearly  see  the  beginning 
of  a thawed  zone  right  in  the  area  of  contact  between  the  frozen  curtain  and 
the  left  bank  of  the  channel  (see  Fibure  5-41). 

Hence  it  is  quite  probable  that  uncovering  the  natural  fissured 
bedrock  and  the  formation  of  new  cracks  as  a result  of  blasting  to  cut  the 
trench  for  the  frozen  curtain  in  the  left  bank  were  primarily  responsible 
for  the  seepage  of  water  around  the  curtain. 

The  seepage  which  was  started  in  this  fashion  continued  to  grow, 
involving  a large  region,  so  that  the  frozen  curtain  of  the  channel  was  un- 
able to  halt  the  progressive  thawing  of  the  frozen  ground. 

The  same  fate  overtook  the  frozen  curtain  along  the  right  bank  of 
the  channels  the  final  sector  (up  to  40%  of  the  total  length)  was  curtained. 

A thawed  zone  up  to  15  m thick  formed  under  the  curtain  (see  Figure  7-9). 

The  frozen  curtain  in  the  right  bank  of  the  channel  did  its  job  well  only 
in  the  initial  sector.  If  timely  steps  had  not  been  taken  to  reduce  seepage 
in  the  foundation  of  the  channel  and  particularly  at  the  right  bank,  the 
thawed  zone  might  have  grown  rapdily  toward  the  left  junction  of  the  dam. 


Figure  7-9.  Temperature  field  in  the  foundation  of  the  water- 
escape  channel  of  a permanent  reservoir  on  the  Irelyakh  River 
(sections  as  shown  in  Figure  5-41.). 

1 - Bottom  of  channel;  2 - Freezing  columns;  3 - Frozen  curtain 
along  right  bank  of  channel;  4 - Thawed  zone. 
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It  should  also  be  noted  that  some  defozmation  of  the  cascade  walls 
was  observed  as  a result  of  thawing  of  the  foundation  in  the  region  of  the 
stepped  cascade.  The  reason  for  this  evidently  was  that  a portion  of  the 
pile  foundation  was  in  a positive  temperature  range  over  its  entire  depth. 
During  operation  of  the  spillway,  as  materials  with  a high  ice  content  thawed, 
the  plate  covering  the  bottom  of  the  canal  settled  in  particular  areas. 

Data  gathered  in  the  middle  of  1968  from  eight  specially  bored  thermal 
holes  showed  the  presence  of  a thawed  zone  in  the  foundation  of  the  spillway 
channel  from  6-15  mm  thick  with  temperatures  up  to  +21°C.  A question  naturally 
arose  as  to  whether  or  not  the  thawed  zone  beneath  the  channel  ran  completely 
through  the  permafrost,  whether  a permanent  seepage  flow  existed  here,  and 
whether  there  was  a hydraulic  connection  between  the  upper  and  lower  pools. 

Were  we  to  expect  an  increase  in  seepage  and  a threatened  loss  of  water 
from  the  reservoir?  Does  the  thawed  zone  that  has  formed  threaten  the  frozen 
curtain  along  the  right  bank  of  the  channel  and  the  dam  itself? 

The  main  cause  for  thawing  in  the  foundation  and  under  the  sides  of 
the  water-escape  channel  evidently  was  the  seepage  of  water  during  the  warm 
season  from  the  reservoir  through  fissures  in  the  semiconsolidated  rock  that 
made  up  the  foundation  and  left  bank  of  the  canal. 
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The  design  of  the  water-escape  channel  did  not  provide  for  protection 
of  the  permafrost  in  its  foundation  from  thawing.  According  to  the  plan, 
water  seepage  is  permitted  through  a sand  and  crushed-rock  filter  beneath 
the  reinforced-concrete  plate  facing  the  channel.  This  design  was  adopted 
on  the  assumption  that  seepage  would  be  insignificant  from  the  viewpoint 
of  water  loss  from  the  reservoir,  and  its  warming  effect  could  not  threaten 
degradation  of  the  frozen  ground  in  the  foundation  and  sides  of  the  channel. 

It  should  also  be  noted  that  one  of  the  reasons  for  deep  thawing  of 
the  foundation  was  the  improper  use  of  the  channel. 

The  design  of  the  freezing  system  with  its  horizontal  pipe  headers 
should  be  considered  unfortunate,  since  it  cannot  be  monitored  during  operation 
and  the  system  must  be  completely  disassembled  for  repair.  It  is  also  dif- 
ficult to  compact  the  earth  under  the  horizontal  pipes  when  such  a system 
is  being  installed. 

The  presence  of  a layer  of  loam  on  the  fissured  bedrock  at  the  en- 
trance area  of  the  channel  interrupted  the  hydraulic  connection  between  the 
upper  and  lower  pools  when  the  water  level  in  the  upper  pool  dropped.  It 
protected  the  foundation  of  the  channel  from  thawing  fully,  and  thus  avoided 
the  threat  of  destruction  of  the  frozen  curtain  of  the  dam. 

In  order  to  remove  the  threat  of  thawing  of  the  dam  foundation,  steps 
were  taken  to  restore  the  temperature  regime  in  the  material  surrounding 
the  channel  by  grouting  the  thawed  zones,  building  a frozen  curtain  in  the 
channel  and  along  its  right  side,  and  by  taking  steps  to  prevent  seepage  from 
the  channel  into  the  fissured  rock  of  the  foundation  by  plugging  the  joints 
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between  the  facing  plates  with  a grouting  solution  and  thus  creating  an 
impervious  layer. 


* 


Operating  experience  with  the  water-escape  channel  discussed  here 
also  has  shown  that,  when  building  water-escape  channels  on  frozen  fissured 
ground  by  the  unfrozen  method,  one  should  cover  the  region  of  the  channel 
reached  by  water  with  an  impervious  layer  of  loam  or  other  materials  which 
will  prevent  seepage  of  water  into  the  foundation  during  periods  of  high 
water. 

As  was  shown  earlier,  in  both  of  the  installations  discussed,  basic 
rules  for  construction  on  permafrost  were  broken*  the  dams  were  built  by 
the  frozen  method  in  which  the  foundation  of  the  body  of  the  dam  was  to  be 
maintained  in  the  frozen  state,  while  the  water-escape  structures  directly 
abutting  the  dams  were  designed  to  permit  thawing  of  the  foundation  materials 
during  operation.  The  construction  of  a thin  frozen  cutoff  in  the  channel 
for  the  dam  on  the  Irelyakh  River,  while  permitting  seepage  and  thawing  of 
foundation  materials  in  the  rest  of  the  channel  area,  turned  out  to  be 
unsuccessful. 

It  should  also  be  stated  that  when  building  frozen  curtains  in 
frozen  fissured  materials,  the  number  of  rows  of  freezing  columns  should  be 
increased  for  better  freezing  results.  The  number  of  rows  of  holes  and  the 
distance  between  them  should  be  determined  on  the  basis  of  the  nature  of 
fissures  in  the  rock. 

Problems  of  grouting  or  the  creation  of  other  types  of  impervious 
seals  in  fissured  permafrost  should  also  be  investigated  when  the  structure 
is  intended  to  be  built  so  as  to  keep  the  foundation  and  body  of  the  dam  in 
the  frozen  state. 
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Chapter  8 

ACCIDENTS  AND  DAMAGE  TO  DAMS  AND  WATER-ESCAPE  STRUCTURES 

8-1.  General 

Failure  of  dams  and  related  structures  built  on  permafrost  may  be 
caused  by  deficiencies  in  planning  the  structures  and  in  survey  data, 
failure  to  observe  engineering  guidelines  during  construction,  the  use  of 
low-grade  materials,  and,  of  course,  improper  operation  of  the  structures. 
When  building  dams  in  the  Far  North  the  strength  and  reliability  of  struc- 
tures planned  and  built  with  the  most  careful  observance  of  all  standards 
of  construction  practice  depend  chiefly  on  temperature  conditions.  Failure 
to  take  this  factor  into  account,  or  errors  in  predicting  the  temperature 
regime  of  structures  during  construction  and  operation  after  the  reservoir 
has  been  filled,  may  be  the  cause  of  failure  in  some  structures. 

During  the  early  era  of  water-related  construction  engineering, 
a lack  of  knowledge  about  the  special  requirements  for  construction  on 
permafrost  was  the  cause  of  most  failures.  With  the  passage  of  time, 
water-related  construction  on  permafrost  has  become  more  and  more  reliable, 
as  is  indicated  by  the  decline  in  number  of  accidents.  Thus,  in  the  period 
from  1940-1950  there  were  six  failures,  while  in  the  Sixties  there  were 
only  two. 


This  pattern  resulted  from  the  accumulation  of  experience,  from 
study,  and  from  generalizations  based  on  them  in  both  planning  and  construction. 
At  the  present  time  we  have  the  "Temporary  Instructions  for  the  Planning 
of  Earth  and  Rock-Fill  Dams  in  the  Far  North"  (VSN-08-65),  compiled  by  the 
VNIIG. 


The  fundamental  problems  of  dam  construction  on  permafrost  are 
treated  properly  in  VSN-08-65,  we  feel,  but  they  are  in  need  of  review  in 
the  light  of  experience  accumulated  during  the  last  ten  years  both  in  domestic 
and  foreign  dam  construction  on  permafrost. 
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Enormous  quantities  of  water  are  impounded  in  reservoirs  created  by 
dams  (for  example,  36,000,000,000  m^  by  the  Vilyuy  dam,  12,000,000  nr  by  the 
Irelyakh  dam,  and  35,000,000  ra^  by  the  Sytykan  dam).  Failure  of  such 
structures  could  cause  significant  damage. 

In  contrast  to  accidents  involving  industrial,  transportation,  and 
other  structures,  the  loss  of  which  in  many  cases  is  equivalent  to  the 
cost  of  restoring  the  damage  to  the  structure  itself,  accidents  involving 
water-impoundment  structures  usually  lead  to  destruction  and  damage  to  other 
structures  located  in  the  valley  below  the  dam,  so  that  the  loss  due  to 
accidents  involving  water-impoundment  structures  sometimes  exceeds  by  several 
times  the  cost  of  the  structure  itself. 

In  view  of  the  importance  of  such  structures  as  dams,  the  specialist 
charged  with  the  responsibility  of  planning  and  building  a dam  must  above 
all  carefully  study  cases  of  dam  failure  under  conditions  similar  to  those 
in  which  the  new  structure  will  function.  The  most  important  of  these 
conditions  are  the  engineering  geology  and  frozen-ground  conditions  of  the 
dam  foundation,  the  hydrological  regime  of  the  river,  and  the  quality  of 
the  structural  materials. 

Understanding  the  conditions  under  which  spring  floods  occur  in  a 
river  both  during  construction  and  during  the  period  of  operation  is  a problem 
of  primary  importance.  Floods  on  rivers  within  a small  catchment  area  are 
more  sudden  than  on  rivers  with  large  basins.  When  slopes  are  steep  and 
consist  of  permafrost,  surface  runoff  is  very  rapid,  being  shed  almost 
entirely  by  the  permafrost  into  the  river,  so  that  floods  on  such  rivers  show 
a rapid  rise  in  discharge  and  water  level,  very  often  reaching  peaks  within 
1.5-2  days. 

In  taking  up  our  discussion  of  cases  of  damage  to  dams  and  water- 
escape  structures  it  must  be  mentioned  that  we  shall  be  limited  to  examples 
from  domestic  experience  in  dam  building  on  permafrost,  since  published 
information  from  foreign  sources  in  this  area  is  not  available. 

8-2.  ACCIDENTS  WITH  UNFROZEN  DAMS 

1.  The  dam  on  the  Kadychkan  River  in  Magadan  Oblast  (see  Figure  5-7). 
Construction  of  the  dam  was  started  in  1960,  and  after  an  interruption  in 
January  1962,  work  was  resumed  only  in  1966.  Work  was  completed  in  1968, 
and  the  structure  was  placed  in  operation  in  September  of  the  same  year. 

A washout  occurred  on  July  10,  1970  at  7s 30  in  the  morning,  and 
after  four  and  one-half  hours  the  water  level  in  the  reservoir  had  dropped 
4 m.  The  reservoir  was  completely  emptied.  A tunnel  formed  in  the  body  of 
the  dam  in  the  region  where  the  washout  occurred.  An  arch  4-5  m thick 
remained  for  five  days  and  then  collapsed.  The  upper  part  of  the  dam  was 
frozen.  Cracks  up  to  1.2  m wide  and  2.5  m deep  appeared  at  the  crest  of 
the  dam.  When  the  crest  of  the  dam  was  excavated,  the  top  of  the  frozen 
ground  was  found  at  a depth  of  1.8  m,  and  the  level  of  the  u~p  of  the  core 
was  found  at  a depth  of  2.0  m. 
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Serious  deviations  from  the  plan  were  permitted  during  construction 
of  the  dam,  so  that  during  the  first  year  of  operation  following  filling 
of  the  reservoir,  heavy  seepage  began  through  the  body  and  foundation  of  the 
dam.  Boring  from  the  crest  and  determination  of  the  permeability  character- 
istics of  the  material  in  the  body  of  the  dam  showed  that  the  material  did 
not  correspond  to  the  design  specifications.  The  base  of  the  tooth  was  not 
backfilled  to  the  design  level  over  a considerable  area.  The  permeability 
coefficient  of  the  material  along  the  length  of  the  dam  varied  from  250  to 
1,000  m/day,  indicating  that  the  material  in  the  body  of  the  dam  was  not 
uniform. 

The  cut  for  the  tooth  of  the  dam  at  the  right  bank  deviated  in  a 
major  way  from  the  plans  the  length  and  depth  did  not  a0ree  with  the 


Figure  8-1.  Right-bank  junction  of  the  dam  on  the  Kadychkan  River. 

1 - Crest  of  the  dam;  2 - Outline  of  tooth  as  planned;  3 - Lens  of 
ice;  4 - Washout  in  the  body  of  the  dam  on  July  14,  1970;  5 - Top 
of  permafrost;  6 - Crack;  7 - Actual  outline  of  base  of  tooth. 

Investigation  revealed  the  edges  of  an  ice  lens  below  the  tooth  of 
the  dam.  The  ice  lens  was  20-30  cm  thick  and  covered  with  a layer  of  diluvial 
material.  This  ice  lens  was  not  detected  during  the  survey  stage,  evidently 
because  the  survey  holes  were  spaced  too  widely.  Surveys  of  the  completed 
dam  in  February  1968  revealed  the  presence  of  a buried  ice  lens  up  to  1.0  m 
thick  below  the  actual  level  of  the  tooth,  but  still  within  its  design 
outline.  Thus,  if  the  tooth  had  been  built  as  planned,  this  lens  might  have 
been  completely  removed. 

No  observations  were  made  on  the  condition  of  the  dam  during  the 
period  of  operation,  since  the  plan  did  not  provide  for  the  installation  of 
monitoring  equipment  in  the  dam. 

The  cause  of  the  failure  was  a washout  that  developed  in  the  body 
of  the  dam  at  the  right-bank  junction.  Buried  ice  was  found  in  the  foundation 
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of  the  dam  during  its  construction.  This  later  thawed  as  a result  of  seepage 
under  pressure.  The  voids  that  formed  were  not  filled  by  material  from  the 
body  of  the  dam  because  it  was  frozen,  and  an  arch  formed  over  the  site  of 
the  washout. 

2.  Temporary  dam  on  the  Irelyakh  River  (see  Figure  5-1).  A des- 
tructive leak  of  water  from  the  temporary  reservoir  on  the  Irelyakh  River 
occurred  in  November  1964.  Water  was  retained  only  behind  a cofferdam 
built  during  the  construction  period  at  the  entrance  area  to  the  intake 
channel,  which  was  not  removed  when  it  should  have  been.  This  situation  was 
responsible  for  the  site  and  etiology  of  the  water  leak.  Further  investigation 
revealed  the  presence  of  a cavity  in  the  foundation  of  the  dam  where  it 
joined  the  left  cribwork  abutment  of  the  water-escape  structure. 


The  water  leak  and  drop  in  the  level  of  the  reservoir  were  unnoticed, 
since  the  surface  of  the  reservoir  and  the  river  below  the  dam  were  covered 
with  a thick  layer  of  ice  at  the  time  the  accident  occurred.  The  unwanted 
decline  in  the  water  level  most  probably  occurred  gradually  over  some  period 
of  time.  If  the  condition  of  the  structures  as  well  as  temperatures  and 
seepage  had  been  properly  and  systematically  monitored,  abnormal  processes 
in  the  dam  would  have  been  detected  at  an  early  stage.  The  deep  thawing 
of  the  foundation  under  the  cribwork  spillway  later  spread  also  beneath  the 
dam  where  it  joined  the  spillway.  Steps  taken  to  localize  the  thawed 
zone  beneath  the  spillway  in  1960  (see  Section  7-2)  were  obviously  inadequate, 
since  thawing  continued  and  spread  beneath  the  dam. 

Observations  were  made  on  temperature  and  seepage  conditions  in  the 
dam  only  during  the  first  two  years  of  operation.  Then  they  were  halted, 
and  the  measuring  equipment  destroyed  during  the  building  of  the  dam  was 
not  replaced. 

Location  of  the  spillway  outside  the  dam  might  have  prevented  its 
foundation  from  thawing.  The  interface  between  the  relatively  rigid  elements 
of  the  spillway  (wood  or  concrete)  and  the  pliant  body  of  an  earth  dam  is 
always  a weak  point.  When  the  body  of  the  dam  settles,  seepage  paths  may 
concentrate  along  this  interface.  It  is  practically  impossible  to  mechanize 
the  placement  and  compaction  of  earth  along  the  cribwork  of  a spillway  and 
in  the  cells  of  the  cribwork,  while  manual  compaction  is  slow  and,  more 
importantly,  difficult  to  control. 

The  bedding  of  the  rock  beneath  the  water-escape  structure  at  the 
intake  canal  showed  fissures:  steeply  dipping  layers  (50-60°  were  present 
with  strike  in  the  direction  of  flow,  and  the  fissures  were  not  always  filled 
with  ice  or  rock-weathering  products.  No  steps  were  taken  to  close  the 
fissures  with  grouting  or  other  materials  and  there  was  no  obstacle  to 
seepage  through  these  rocks  around  the  joint  with  the  right  abutment. 

If  the  water-escape  structure  had  been  located  outside  the  dam,  these 
fissures  would  not  have  been  uncovered,  and  the  layer  of  diluvial  loams  covering 
the  bedrock  would  have  been  a reliable  obstacle  to  seepage  at  the  dam  junction. 
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3.  Dam  on  the  Tatta  River  (Yakut  ASSR).  This  earth  dam,  filled  with 
material  excavated  for  the  water-escape  channel,  was  built  in  1953.  A 
bypass  with  a floodgate  was  constructed  to  carry  away  water  along  the  left 
bank.  The  floodgate  with  an  opening  15  m wide  was  installed  40  m from  the 
head  of  the  bypass  canal.  The  floor  of  the  sluiceway  was  located  at  the 
low-water  level. 


During  the  first  high  water  with  a design  head  of  1.5  m,  the  sluiceway, 
canal,  and  dam  were  destroyed.  Erosion  began  at  the  left-bank  abutment, 
then  spread  beneath  the  apron. 

The  cause  of  the  failure  was  thawing  of  icy  ground  and  uneven  settle- 
ment of  the  foundation.  When  a trench  was  cut  for  the  tooth,  layers  of  ice 
15-20  cm  thick  were  found  at  a depth  of  3 m,  but  necessary  steps  to  remove 
the  hazardous  materials  from  the  foundation  were  not  taken.  After  the  reser- 
voir was  flooded,  seepage  developed  as  such  materials  thawed.  As  a result 
of  the  heat  exchange  that  took  place,  thawing  intensified,  with  the  appearance 
of  uneven  subsidence.  The  failure  resulted  from  lack  of  attention  to  problems 
of  engineering  geology  and  errors  in  planning  and  construction. 

There  are  several  more  examples  of  failures  of  dams  built  for  agri- 
cultural purposes  in  the  Yakut  SSR.  These  include  the  dams  built  on  the 
Suola  River  (1948),  the  Myla  River  (1953-1954),  and  the  Tatta  River  (1954) 

[46].  The  basic  reason  for  the  failure  of  these  dams  were  low-quality 
construction  and  design,  the  latter  done  without  serious  attention  to 
problems  of  engineering  geology.  Insufficient  attention  was  given  to  the 
quality  of  the  junction  between  the  abutments  and  the  body  of  the  dam. 

Frozen  ground,  which  cannot  be  compacted,  was  used  as  fill  for  the  body  of 
the  dams.  Ice-saturated  materials  were  left  in  the  dam  foundations. 

Thawing  of  such  materials  necessarily  leads  to  uneven  settlement,  the  ap- 
pearance of  seepage,  the  development  of  leaks,  and  the  failure  of  the 
impoundment. 

4.  The  earth  dam  on  Stake  89  Creek  (City  of  Noril’sk).  The  5.5  m 
high  dam  impounded  a head  of  4.75  m and  was  built  to  regulate  the  flow  of 
a chain  of  lakes  and  convert  them  into  a reservoir.  The  dam  was  built  in 

the  dry  behind  a cofferdam,  and  carefully.  The  foundation  of  the  dam  contained 
loamy  sand  and  loam  with  ice  inclusions.  In  the  autumn  a year  after  cperation 
began,  seepage  flow  containing  earth  was  discovered  at  the  right-bank 
junction,  and  a day  after  the  seepage  started,  the  dam  was  breached  at  this 
location.  The  reason  for  the  failure  was  the  thawing  of  the  ice  inclusions 
and  the  development  of  seepage  at  the  interface  between  the  frozen  ground 
of  the  foundation  and  the  unfrozen  ground  of  the  body  of  the  dam.  Further 
thawing  of  the  icy  foundation  material  as  a result  of  the  seepage  flow  led 
to  a loss  of  bearing  capacity  [27]. 

5.  Earth  dam  on  Kvadratnyy  Creek  (see  Figure  3-5).  The  dam  was 
built  in  1941.  The  foundation  of  the  dam  contained  permanently  frozen 
loamy  sands  and  sands  with  ice  veins.  The  dam  lasted  one  month  and  was 
destroyed  as  a result  of  melting  of  ice  includions  in  the  foundation  materials 
and  at  the  joints  with  the  banks. 


River  (see 


to  create  a reservoir  for  household  and  drinking-water  purposes.  Seepage 
was  discovered  on  August  6,  1970,  when  a well  in  the  bottom  intake  valve 
control  room  on  the  downstream  slope  of  the  dam  was  flooded.  At  9tl5  in  the 
morning  on  August  12  a sinkhole  6 m wide  and  more  than  1 m deep  appeared  in 


Development  of  seepage  in  the  body  of  a dam  and  the  foundation  is 
to  be  expected  in  unfrozen  dams.  Therefore  the  planning  should  provide 
appropriate  means  to  prevent  piping  (inverted  filters,  drains,  etc.).  The 
structures  should  be  flexible  and  be  able  to  accept  uneven  settlement  of 
the  foundation  without  loss  of  overall  integrity  and  resistance  to  seepage. 


8-3.  ACCIDENTS  WITH  FROZEN  DAMS 


The  dam  on  the  Pevek  River  (see  Figures  5-50  and  5-51)  was  built 


. Earth  dam  with  a concrete  cutoff  wall  on  the  Right  Magdagacha 


_____  _ The  dam  was  built  in  1932  to  create  a reservoir  for 

domestic  and  drinking-water  purposes.  The  dam  was  550  m long,  7.3  m high, 
and  impounded  a head  of  4 m.  It  was  built  of  gravelly  loam.  After  the 
reservoir  was  filled,  permanently  frozen  icy  fissured  porphyrites  in  the 
foundation  began  to  thaw.  The  seepage  that  developed  promoted  further 
thawing  and  uneven  settlement  of  the  foundation,  so  that  the  concrete  cutoff 
walls  split.  In  1935  the  dam  was  destroyed. 
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the  dike  connecting  the  water  intake  well  with  the  dam,  and  at  4:20  in  the 
afternoon  seepage  began  to  intensify  in  the  vicinity  of  the  well.  At 
midnight  on  August  13,  1970,  a tunnel  washout  developed  in  the  body  of  the 
dam.  It  rapidly  increased  in  size  and  reached  a cross-section  of  about 
40  m^  (see  Figure  8-2).  The  water  level  in  the  reservoir  dropped  6.35  m. 
Other  structures  below  the  dam  were  also  destroyed. 


The  cause  of  the  failure  was  seepage  of  water  from  the  reservoir 
through  the  body  of  the  dam,  carrying  earth  with  it  along  the  trench  con- 
taining the  intake  pipes.  This  seepage-piping  phenomenon  could  have  occurred 
as  a result  of  the  absence  of  a frozen  curtain  at  the  left  junction. 


This  occurred  as  a result  of  carelessness  during  construction  and 
planning  deficiencies.  During  construction,  the  trench  in  the  bedrock  to 
accommodate  the  pipes  for  the  bottom  water  intake  was  made  3.5  m wide  because 
of  construction  conditions,  but  concrete  placement  strictly  followed  the 
plans;  i.e.  it  did  not  grip  the  rocky  walls  of  the  trench.  The  space  that 
was  left  was  filled  with  sandy  material. 


There  are  also  other  indications  that  the  trench  was  not  properly 
closed  off.  The  plans  called  for  backfilling  the  trench  with  earth  in  15-20  cm 
layers  and  compacting  these  layers  with  pneumatic  hammers.  Actually  the 
trench  was  filled  partly  with  frozen  ground.  In  addition,  an  instrumentation 
cable  was  laid  along  the  top  of  the  concrete  jacket  on  the  water-intake 
pipes  before  backfilling  with  earth,  and  in  order  to  protect  the  cable  from 
damage  during  the  backfill  operations,  it  was  covered  with  boards.  Spaces 
remained  under  the  boards,  of  course,  and  these  became  the  primary  paths 
for  seepage  of  water  which  carried  heat  into  the  frozen  body  of  the  dam. 
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Figure  8-2.  Washout  in  the  dam  on  the  Pevek  River. 

Under  these  conditions  the  subsequent  course  of  events  leading  the 
degradation  of  the  frozen  body  of  the  dam  and  the  development  of  seepage- 
piping processes  becomes  clear. 

The  frozen  curtain  in  the  junction  with  the  left  bank  as  well  as  in 
the  region  of  the  bottom  water  intake  was  doomed  because  of  the  perforating 
openings  (under  the  boards  between  the  cable  and  the  concrete).  The  seepage 
that  developed  and  grew,  carrying  with  it  the  sandy-clay  backfill  material 
from  the  bottom  water  intake  trench,  led  to  the  failure. 

Seepage  and  piping  of  earth  from  the  body  of  the  dam  where  there  was 
no  frozen  curtain  might  have  been  avoided  if  there  was  at  least  a minimum 
supporting  prism  with  the  usual  inverted  filter  on  the  downstream  slope  of 
the  dam  (in  the  region  of  the  bottom  water-intake  trench). 

This  example  indicates  the  necessity  of  building  inverted  filters 
along  the  downstream  edge  of  a frozen  core.  The  presence  of  such  a filter 
where  there  were  defects  in  the  frozen  curtain  should  have  prevented  the 
erosion  of  earth  from  the  body  of  the  dam. 

Defects  in  planning  were  the  principal  cause  of  the  failure.  This 
example  emphasizes  the  inadvisability  of  building  bottom  water  intakes 
in  dams  on  permafrost,  and  more  espeically  those  built  as  frozen  dams. 

It  confirms  the  error  in  the  recommendations  of  VSN-08-65  which  permit 
construction  of  such  water  intakes. 
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8-4.  WATER-ESCAPE  STRUCTURE  ACCIDENTS 

1.  Water-escape  structure  for  the  temporary  dam  on  the  Irelyakh  River. 
The  discharge  of  the  first  flood  which  passed  through  the  finished  spillway 
was  more  than  50Z  higher  than  the  design  discharge. 

According  to  the  original  plan,  the  spillway  was  to  be  a cribwork 
header  24  m wide  and  7.5  m long  with  a tail  race  100  m long  built  on  a pile 
foundation.  At  the  entrance  to  the  short  intake  channel  ahead  of  the 
spillway,  an  ice-retaining  structure  was  built  which  consisted  of  clusters 
of  piles,  but  in  place  of  the  permanent  tail  race  a temporary  one  was 
built  with  a stepped  cascade  20  m long  and  6 m wide. 

The  spring  flood  began  on  May  19,  1959.  Large  pieces  of  ice  began 
to  enter  the  spillway.  The  presence  of  two  stream-directing  walls  in  the 
channel  of  the  tail  race  prevented  free  passage  of  the  ice  floes.  An  ice 
jam  developed,  and  as  a result  the  walls  and  floor  of  th£  trough  were 
stripped  away  and  destroyed.  Severe  erosion  of  the  downstream  slope  and 
face  of  the  dam  began  where  it  joined  the  water-escape  structure. 

The  water  level  in  the  reservoir  exceeded  the  catastrophic  design 
level  by  0.5  m.  Seepage  started  through  the  crushed  rock  fill  on  the 
crest  of  the  dam  above  the  cribwork  cutoff  wall,  and  as  the  water  continued 
to  rise  in  the  reservoir,  it  began  to  spill  over  the  top  of  the  dam.  A 
situation  had  developed  which  threatened  the  dam.  Under. these  conditions 
the  right-bank  abutment  of  the  spillway  was  torn  away.  Three  hours  later 
the  level  in  the  upper  pool  dropped  21  cm,  and  after  two  days  it  had  dropped 
1.44  m. 

In  planning  the  reapirs  to  the  spillway,  better  discharge  figures 
were  used  and  the  design  was  changed  to  increase  the  size  of  the  passage  for 
the  water. 

The  principal  causes  for  the  failure  of  the  water-escape  structure 
during  the  first  year  of  operation  were  as  follows: 

a)  Insufficient  information  about  the  hydrological  regime  of  the  river, 
so  that  incorrect  determinations  were  made  as  to  the  discharge,  the  size  of 
the  water  passages,  the  backed-up  water  levels,  and  the  elevation  of  the 

dam  crest. 

b)  Improper  design  of  the  ice-retaining  structure  and  incorrect 
placement  of  this  structure.  The  ice-retaining  structure  was  located  in 
a curved  drop  zone  where  it  fed  into  a steeper  section,  so  that  current 
speeds  approaching  it  were  too  high.  In  rebuilding  the  installation  the 
axis  of  the  ice-retaining  structure  was  set  back  10  m into  the  upper  pool  and 
it  was  built  in  the  form  of  concrete  piers  rather  than  clusters  of  piles. 

c)  Improper  design  of  the  tail  race  trough,  and  the  presence  of  too 
much  resistance  in  the  trough  in  the  form  of  stream-directing  partitions. 


: 


f 


219 


1 


d)  Weak  design  of  the  connection  between  the  cribvork  header  of  the 
spillway  and  the  foundation,  so  that  the  subgrade  antiseepage  outline  of 
the  structure  was  inadequate.  The  seepage  flow  that  developed  when  the 
reservoir  was  filled  started  rapid  degradation  of  the  frozen  ground  under 
the  spillway,  which  subsequently  intensified  because  of  improper  construction 
of  the  junction  between  the  dam  and  the  spillway  abutment. 

e)  In  preparing  the  foundation  for  the  head  of  the  spillway  and  the 
intake  canal,  fissured  bedrock  was  found  on  the  right  bank.  No  provisions 
were  made  in  the  plan  to  provide  grouting  or  other  methods  of  sealing. 

There  was  nothing  to  prevent  seepage  through  these  fissured  rocks  around  the 
junction  between  the  right  abutment  of  the  spillway  and  the  bank. 

In  our  opinion,  the  proper  solution  would  have  been  to  create  a 
grout  curtain  under  the  spillway  after  thawing  the  semiconsolidated  fissured 
foundation  materials. 

2.  Spillway  for  the  installation  on  the  Kazachka  River.  A wooden 
spillway  was  built  around  the  body  of  the  dam  on  the  right  bank.  The 
wooden  spillway  was  located  SO  m from  the  tooth  on  piles  sunk  5 m into  the 
foundation  material.  In  the  beginning  and  middle  sections  of  the  trough  of 
the  spillway,  wooden  cutoff  walls  were  built  and  sunk  3 m below  the  bottom 
of  the  trough.  The  trenches  for  the  cutoff  walls  were  filled  hydraulically 
with  loamy  sand.  The  discharge  channel  was  traversed  by  lenses  and  layers 
of  ice  more  than  3 m thick.  The  plan  called  for  removal  of  the  ice  and  icy 
earth  in  the  sides  of  the  channel  for  a distance  of  150  mf  the  ice  was  not 
removed  from  the  foundation  of  the  channel. 

The  foundation  of  the  dam  contained  cobbly-gravelly  material  with 
a high  content  of  ice,  silty  clayey  loamy  sand  and  fine  sand  underlain  by 
frozen  loam.  Thick  lenses  of  fossil  ice  were  found  at  the  left  and  right- 
bank  junctions. 

The  central  portion  of  the  unfrozen  dam  was  built  of  fine  sand  and 
loamy  sand,  while  the  lateral  prisms  were  made  of  sandy-gravelly  earth  and 
stones. 


In  September  1965  the  spillway  was  destroyed  by  a flood  resulting 
from  fall  rains  (Figure  8-3).  The  plan  did  not  call  for  complete  trans- 
section of  the  large  ice  inclusions  with  vertical  antiseepage  structures, 
and  construction  operations  deviated  from  the  plan.  Specifically,  excessively 
wet  loamy  sand  material  was  substituted  for  compact  loam  in  the  foundation 
of  the  wooden  spillway  floor  and  the  piles  were  not  sunk  deep  enough. 

When  the  trench  for  the  spillway  canal  was  exposed,  ice  wedges  and 
lenses  were  revealed  where  the  spillway  adjoined  the  banks  and  in  adjacent 
areas  of  the  intake  and  discharge  channels  along  outcrops  on  the  valley 
walls.  Later  on  their  position  was  quite  easy  to  detect  from  the  terraced 
depressions  and  fissures  in  the  upper  surface  of  the  tundra,  and  from  eroded 
areas  and  cavities  where  the  spillway  joined  the  bank  and  beyond  along  both 
sides  of  the  canal. 
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Figure  8-3.  Spillway  on  the  Kazachka  River. 


I 


I 


The  design  of  the  spillway  trough  as  given  in  the  plan  was  not  ap- 
propriate for  the  frozen-ground  conditions  in  the  area  where  the  reservoir 
was  built.  Subsidence  of  the  ice-saturated  materials  in  the  foundation  of 
the  spillway  was  unavoidable,  since  the  structures  were  planned  without 
provision  for  freezing  unfrozen  zones  and  preserving  the  frozen  ground. 
Vertical  antiseepage  structures,  even  when  sunk  deep  into  the  icy  frozen 
ground  of  the  foundation  and  banks  and  with  careful  packing  of  cohesive  earth 
in  the  voids,  cannot  guarantee  structural  stability  if  ice  inclusions  are 
not  completely  intercepted,  since  installing  a cutoff  wall  in  the  frozen 
ground  necessarily  disturbs  its  structure  and  thermal  regime.  Even  the 
most  careful  compaction  of  ground  used  to  backfill  voids  creates  the  con- 
ditions necessary  for  later  melting  of  ice  which  is  not  cut  off  by  the  wall. 
Concentrated  bypass  seepage  will  certainly  appear,  and  this  in  turn  speeds 
up  the  process  of  ice  melting,  forming  thermokarst,  which  is  seen  as 
depressions  and  fissures,  and  later  on,  erosion  cavities. 


As  a result  of  uneven  settlement,  improper  control  of  the  density 
of  the  earth  used  to  backfill  the  trench  after  installation  of  the  cutoff, 
and  the  impossibility  of  assuring  tight  contact  between  the  thin  wooden  floor 
and  the  earth  beneath,  voids  and  uncompacted  areas  could  have  formed  which, 
together  with  the  cavities  developed  as  a result  of  the  ice  melting  in  the 
banks,  became  foci  of  concentrated  seepage. 


In  view  of  the  substantial  uneven  settlement  of  the  foundation  earth 
beneath  the  floor  of  the  spillway  and  the  melting  of  ice  lenses  in  the 
floodplain  earth  of  the  Kazachka  River,  the  plan  for  building  the  abutments 
and  antiseepage  walls  should  have  called  for  careful  compaction  of  the 
foundation  earth  and  obligatory  control  of  the  density  of  the  bulkheads 
and  the  density  of  the  backfill. 
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Locating  the  wooden  spillway  SO  m from  the  antiseepage  tooth,  which 
was  a continuation  of  the  tooth  for  the  central  portion  of  the  dam  profile, 
laid  the  groundwork  for  heavy  melting  of  ice  in  the  soil  of  the  bottom 
and  sides  of  the  intake  channel  in  the  area  from  the  tooth  to  the  spillway 
floor.  Provisions  were  not  made  in  this  area  to  control  seepage  from  the 
intake  channel  to  the  foundation  materials,  especially  in  the  region  where 
the  wooden  spillway  floor  adjoined  the  slopes  of  the  channel.  Installation 
of  an  apron  ahead  of  the  spillway  floor  connected  to  the  bottom  and  sides 
of  the  channel  undoubtedly  would  have  prevented  heavy  seepage  around  the 
spillway  and  under  its  floor. 

These  examples  of  failures  of  water-escape  structures  in  installations 
built  on  permafrost  indicate  that  they  occurred  chiefly  because  of  inadequate 
design,  improper  engineering  solutions,  incorrect  location  of  the  water- 
escape  facilities  with  respect  to  the  dam,  and  deviations  and  gross  disregard 
for  the  technical  specifications  during  construction. 

r 

A frequent  cause  of  failure  is  the  incorrect  evaluation  of  engineering 
geology  and  frozen  ground  conditions  in  the  foundation  of  structures,  so 
that  appropriate  provisions  are  not  made  in  their  planning. 

Sometimes  failure  of  water-escape  structures  and  dams  occur  as  a 
result  of  improper  sizing  of  the  channels  due  to  incorrect  determination  of 
discharge  for  design  purposes.  In  this  case  errors  are  frequently  due  to 
inadequate  original  data  for  determining  hydrological  characteristics, 
since  in  most  cases  sufficient  observational  data  is  lacking  for  areas 
where  dams  are  built  in  the  Far  North,  especially  in  the  case  of  small 
rivers  and  their  tributaries. 
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